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SUMMARY 
 

Despite their inert stage, insect eggs deposited on leaves represent a considerable threat since 

they will develop into feeding larvae. Plants respond actively to insect eggs deposition by 

triggering various defences that lead to egg desiccation, drop-off, mortality, or attraction of egg 

parasitoids. Upon Pieris brassicae oviposition, Arabidopsis thaliana activates the salicylic acid 

(SA) pathway, which is usually induced to fend off bacterial pathogens. Recently, it was shown 

that P. brassicae oviposition and treatment with egg extract (EE) induce a systemic acquired 

resistance (SAR) against the bacterial pathogen Pseudomonas syringae in A. thaliana. The aim 

of this thesis was to investigate whether egg-induced SAR was also effective against the fungal 

necrotroph Botrytis cinerea. 

 Here, we show that P. brassicae oviposition and EE treatment induce SAR against B. 

cinerea. This effect was reproducible when plants were treated with EE from the generalist 

Spodoptera littoralis. Furthermore, pretreatment with a solution of phosphatidylcholines, which 

are active compounds found in P. brassicae and S. littoralis eggs, reduced B. cinerea growth to 

the same extent as EE. This indicates that egg-induced SAR is triggered following perception 

of an egg-associated molecular pattern. EE-induced SAR is abolished in ics1, ald1 and fmo1 

mutants, indicating that the SA and N-hydroxy-pipecolic acid pathways are involved. In 

addition, we found that EE-induced SAR establishment requires tryptophan-derived 

metabolites, with a substantial contribution of camalexin, a known antifungal compound. 

Indeed, we found that SAR is abolished in several mutants deficient in camalexin biosynthesis, 

including cyp79b2 cyp79b3, cyp71a12 cyp71a13, pad3-1 and wrky33. Although we found that 

expression of the camalexin biosynthesis gene PAD3 is primed by EE treatment, metabolic 

analyses revealed that levels of camalexin are not different between control and EE-treated 

plants, leaving open the question on how camalexin exerts its action. Finally, we found that EE 

treatment also reduced infection by an oomycete pathogen, illustrating the broad range activity 

of EE-induced SAR. 

 We also demonstrate that P. brassicae larvae performance is reduced in B. cinerea-

infected plants, which implies that egg-induced SAR might benefit the insect. This phenomenon 

might illustrate a strategy of the insect that manipulates plant SA pathway through oviposition 

to reduce pathogen infections that are detrimental for future hatching larvae. 
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RÉSUMÉ 
 

Bien qu’ils constituent un stade inerte de leur vie d’insecte, les œufs représentent en réalité une 

véritable menace pour la plante. En effet, ceux-ci vont finir par éclore et les chenilles en 

résultant vont se nourrir sur les feuilles, causant des dommages importants. Les plantes ont 

développé plusieurs défenses en réponse aux œufs, qui vont amener au desséchement, à la chute 

ou à la mort de ces derniers. La plante émet également des composés volatiles attirant des 

guêpes parasitoïdes, qui vont attaquer les œufs. En réponse aux œufs de la piéride du chou 

Pieris brassicae, la plante modèle Arabidopsis thaliana active des défenses liées à la voie de 

l’acide salicylique, une voie habituellement induite en réponse à des infections microbiennes. 

Récemment, il a été montré que les œufs de P. brassicae induisent une résistance systémique 

acquise (SAR) contre le pathogène bactérien Pseudomonas syringae. L’objectif de cette thèse 

était de vérifier si cet effet s’applique aussi au pathogène fongique Botrytis cinerea et d’en 

caractériser les mécanismes moléculaires. 

 Nous montrons que les œufs de P. brassicae induisent une SAR contre B. cinerea. De 

plus, l’application de phosphatidylcholines, des phospholipides contenus dans les œufs 

d’insectes, induit une SAR contre B. cinerea, de manière similaire aux œufs. Ceci indique que 

la SAR induite par les œufs est déclenchée à la suite de la perception de signatures moléculaires 

associées aux œufs. La SAR nécessite l’accumulation d’acide salicylique et d’acide hydroxy-

pipécolique, deux molécules indispensables à la génération de cette réponse. De plus, nous 

montrons que l’induction de la SAR requiert des composants du métabolisme de l’indole avec 

une contribution majeure de la camalexine, un composé antifongique. En effet, nous constatons 

que plusieurs mutants bloqués dans la synthèse de la camalexine n’activent pas de SAR. 

Comparé à des plantes non traitées, le traitement aux œufs induit une expression plus rapide et 

plus forte de PAD3, un gène de biosynthèse de la camalexine. Cependant, les quantifications 

de ce métabolite ne montrent pas de différences entre plantes infectées par B. cinerea 

précédemment traitées aux œufs ou non, posant la question du mode d’action de la camalexine. 

Finalement, nous montrons que le traitement aux œufs réduit aussi l’infection causée par un 

oomycète, montrant que la SAR induite par les œufs agit à large spectre. 

 Nous démontrons également que les larves de P. brassicae se développent moins bien 

sur des plantes infectées par B. cinerea, ce qui suggère que la protection induite par les œufs 

serait bénéfique pour l’insecte. Ce phénomène unique pourrait constituer une stratégie de 

l’insecte qui manipulerait, par la ponte de ses œufs, l’induction de défenses afin de réduire 

l’effet néfaste des pathogènes, au bénéfice de sa progéniture.  
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GENERAL INTRODUCTION 
 

Life on Earth would not exist without the existence of plants. Plants are the main primary 

producers and constitute the basis of the world’s food chain. Being photo-autotrophic 

organisms, plants convert energy from sunlight into chemical energy stored in sugars, and 

release oxygen in the atmosphere as a waste product, a process called photosynthesis. 

Heterotrophic organisms, that cannot produce their own food, use both of these photosynthesis 

products to generate energy via cellular respiration and thus fuel their metabolic activities. 

Beside this major ecological role, plants are incredibly useful to humans by providing essential 

materials such as wood to build tools and housing or fiber to make clothes and paper. Plants 

also produce a huge variety of molecules, some of which are used nowadays as drugs in modern 

medicine, others can be a source of biofuels and biodegradable resources.  

Modern industrial societies are responsible for the fast growth rate of human population 

and one of the constant challenges of plant science is to enhance food production in order to 

sustain the needs. Nowadays, large monoculture crop fields are covering lands and often 

replacing natural habitats, a phenomenon called “landscape simplification” (Thies et al., 2003). 

However, landscape simplification is thought to increase pest pressure on crops by facilitating 

their establishment and by reducing the abundance of pest natural enemies, ultimately leading 

to reduced yields and increased use of pesticides (Meehan et al., 2011; Gagic et al., 2021). With 

an estimated 30% of crop losses due to pests and pathogens (Douglas, 2018), which is likely to 

increase due to global warming (Deutsch et al., 2018), it is of great importance to study plant 

immunity and plant-insect/pathogen interactions in order to develop new strategies for better 

economic and environmental outcomes.  

 

Plant immunity 
 

Plants are constantly exposed to a wide variety of biotic stresses including phytopathogens such 

as bacteria, fungi, viruses and oomycetes but also herbivory. Plants have co-evolved for 

millions of years with these invaders, thus developing specific protective mechanisms against 

them. In turn, these attackers have evolved ways to circumvent plant defences, shaping plant 

immunity in a constant arms race. Constitutive physical and chemical defences assure a first 

barrier. Typical physical barriers include plant cell wall, cuticle and thorns, that will help to 

prevent entry of pathogens or repel herbivores. However, several pathogens are able to break 
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through, mainly by deploying degrading enzymes. Plant chemicals can be divided in two 

classes, the primary metabolites, which consist of molecules indispensable for growth and 

development such as sugars, amino acids, proteins and secondary metabolites, which are used 

as defence compounds (Piasecka et al., 2015). Secondary metabolites can be further divided in 

two classes according to their mode of biosynthesis and action. Phytoanticipins are produced 

and stored in a constitutive manner and deployed only in case of attack, such as saponins, 

glucosinolates and cyanogenic glucosides, whereas phytoalexins are synthesized in response to 

an infection, such as the Brassicaceae-specific camalexin and terpenoids. 

 The second line of plant defences is inducible, activated upon the recognition of 

microbial and herbivore-derived signature molecules, termed as pathogen-associated molecular 

patterns (PAMPs) or herbivore-associated molecular patterns (HAMPs), respectively. PAMPs 

are highly conserved and essential compounds, such as the 22 amino acids peptide derived from 

bacterial flagellin (flg22), bacterial/fungal cell wall and membrane compounds like 

peptidoglycan, chitin and lipopolysaccharide (LPS) as well as many others (Ranf, 2017; Yu et 

al., 2017). PAMPs recognition by plasma membrane-localized pattern recognition receptors 

(PRRs) triggers the activation of a specialized immune response known as pattern-triggered 

immunity (PTI) (Jones and Dangl, 2006). Two types of PRRs have been described, receptor-

like kinases (RLKs), which contain an extra-cellular domain, a trans-membrane domain and a 

cytoplasmic kinase domain, and receptor-like proteins (RLPs) lacking the cytoplasmic kinase 

domain (Couto and Zipfel, 2016). Most of the PRRs associate with co-receptors, such as BAK1, 

to transduce downstream PTI responses (Roux et al., 2011). Following PRR/co-receptor 

complex formation, a series of signalling events rapidly takes place and this involves an 

increase of intracellular Ca2+ levels, activation of mitogen-activated protein kinases (MPK) 

regulating defence gene expression, generation of a reactive oxygen species (ROS) burst, 

accumulation of defence hormones leading to large transcriptional changes to finally produce 

defence metabolites and proteins (Yu et al., 2017; Zhou and Zhang, 2020). However, a lot of 

pathogens manage to circumvent plant defences by delivering effector proteins that can 

suppress PTI responses at different levels. In response to this adaptation, plants evolved a way 

to directly or indirectly detect the presence of effectors with resistance proteins (R proteins), 

leading to a stronger immune response called effector-triggered immunity (ETI) (Jones and 

Dangl, 2006). ETI responses lead to the generation of a localized cell death called 

hypersensitive response (HR), ROS burst, accumulation of defence hormones and 

pathogenesis-related (PR) proteins (Yu et al., 2017; Bürger and Chory, 2019). However, recent 

reports indicate that PTI and ETI signalling are actually intricately linked since both PRRs and 
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R proteins are required to mutually potentiate strong immune responses in Arabidopsis thaliana 

(hereafter Arabidopsis), bringing new understanding of plant immunity (Ngou et al., 2021; 

Yuan et al., 2021).  

Although much less information is available on the recognition of HAMPs and 

downstream signalling steps, as well as for the presence of insect-derived effectors, evidence is 

accumulating that similar molecular mechanisms are used to detect and respond to microbes 

and arthropods (Stahl et al., 2018; Erb and Reymond, 2019; Arimura, 2021). 

 Plant defences are orchestrated mostly by three hormones: salicylic acid (SA), jasmonic 

acid (JA) and ethylene (ET) (Bari and Jones, 2009). Different infection strategies exist 

according to pest/pathogen lifestyles and plants have to respond consequently. Phytopathogens 

can be classified in two main groups: biotrophs and necrotrophs. Biotrophs keep their hosts 

alive to feed on living tissues, whereas necrotrophs kill their hosts cells before obtaining 

nutrients from them. Some pathogens are hemi-biotrophs, starting with a biotrophic lifestyle 

and switching to a necrotrophic phase later in the infection process. Results from several studies 

have shown that plants activate SA-dependent defence responses against biotrophic pathogens 

(Glazebrook, 2005; Vlot et al., 2009). Plants use two different routes to synthesize SA, the 

isochorismate synthase (ICS) and the phenylalanine ammonia-lyase (PAL) pathways (Peng et 

al., 2021). Upon pathogen infection, most of the SA is produced via the ICS pathway, which 

starts from chorismate (Wildermuth et al., 2001) (Fig. 1A). Arabidopsis contains two genes 

encoding isochorismate synthases, ICS1 and ICS2, but only ICS1 is expressed upon pathogen 

infection (Wildermuth et al., 2001). Consequently, ics1 single mutant (also known as salicylic-

induced deficient 2, sid2), is unable to accumulate high levels of SA and is blocked in SA-

dependent responses, whereas ics2 still exhibits wild-type SA levels (Nawrath and Métraux, 

1999; Garcion et al., 2008). However, the ics1 ics2 double mutant accumulates even less SA 

than ics1 single mutant in response to UV stress, suggesting a minor contribution of ICS2, 

highlighting the unequal redundancy of these two enzymes (Garcion et al., 2008). Once 

produced, isochorismate can be transported out of the chloroplast via the transporter 

ENHANCED DISEASE SUSCEPTIBILITY 5 (EDS5), where the cytosolic amidotransferase 

AvrPphB SUSCEPTIBLE 3 (PBS3) conjugates it to glutamate to generate isochorismate-9-

glutamate, an unstable compound that can spontaneously decay into SA or be converted to SA 

even faster by ENHANCED PSEUDOMONAS SUSCEPTIBILITY 1 (EPS1) (Rekhter et al., 

2019; Torrens-Spence et al., 2019). To regulate defence gene expression, SA is then perceived 

by two classes of receptors in the nucleus, NON-EXPRESSOR OF PATHOGENESIS-

RELATED GENES 1 (NPR1) and NPR1-LIKE PROTEIN 3/4 (NPR3/NPR4) (Fu et al., 2012). 
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NPR proteins directly interacts with TGACG MOTIF-BINDING FACTOR (TGA) 

transcription factors TGA2/TGA5/TGA6 to modulate gene expression (Peng et al., 2021). 

NPR1 has been shown to be a transcriptional activator of SA responses whereas NPR3/4 act as 

transcriptional repressors. SA binding to NPR1 enhances its transcriptional activator activity 

and inhibits the transcriptional repression of NPR3/4, leading to induction of defence genes 

(Ding et al., 2018; Peng et al., 2021). Furthermore, a recent report indicates that both activation 

of NPR1 and repression of NPR3/4 by SA are required for PTI, ETI and systemic defence 

responses (Liu et al., 2020). SA-dependent responses mainly consist in local containment of 

disease progression and protection of systemic tissues against further infections. This is 

achieved by the transcription of PR genes whose products are known to have antimicrobial 

properties deterring bacterial, fungal and viral infections (Sels et al., 2008). On the other hand, 

plant defences against necrotrophic pathogens and herbivores largely depend on JA signalling 

pathway, which is known to be antagonistic to SA (Reymond et al., 2004; Pieterse et al., 2009). 

Indeed, SA-dependent cell death induction does not protect plants against necrotrophs but rather 

promotes susceptibility to them (Govrin and Levine, 2000; Glazebrook, 2005). JA biosynthesis 

initiates in the chloroplast with the oxygenation of linolenic acid by lipoxygenases (LOX) 

enzymes to generate 12-oxo-phytodienoic acid (OPDA), which is converted to JA and further 

conjugated to isoleucine (Ile) by JASMONATE-RESISTANT 1 (JAR1) to generate the 

bioactive form, JA-Ile (Howe and Jander, 2008; Fonseca et al., 2009). In the absence of JA-Ile 

(plant resting state), negative regulators belonging to the family of JASMONATE ZIM 

DOMAIN (JAZ) proteins repress JA-dependent transcription factors, such as MYC2, MYC3 

and MYC4, by recruiting the general corepressor TOPLESS (TPL) through an interaction with 

the adaptor protein NOVEL INTERACTOR OF JAZ (NINJA) (Pauwels et al., 2010). When 

the plant is damaged (upon herbivory or necrotrophic infection), JA-Ile accumulates rapidly 

and promotes the binding of JAZ to CORONATINE INSENSITIVE 1 (COI1), an F-box protein 

that is part of the Skp1/Cullin/F-box SCFCOI1 ubiquitin E3 ligase complex, mediating 

ubiquitination of JAZs and targeting them for proteasome degradation (Chini et al., 2007; 

Thines et al., 2007). Once JAZs are degraded, MYC2/3/4 are released from repression and 

initiate the transcription of JA-responsive genes. MYC2/3/4 regulate the biosynthesis of 

glucosinolates, a class of defence compounds specific to the Brassicaceae family and important 

to fend off chewing herbivores. Accordingly, the triple mutant myc2 myc3 myc4 is devoid of 

glucosinolates and is highly susceptible to feeding by the generalist Spodoptera littoralis 

(Schweizer et al., 2013). Furthermore, glucosinolates breakdown products have been shown to 

be detrimental to several fungal pathogens (Bednarek et al., 2009). ET is a methionine-derived 
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hydrocarbon gas, which coupled to JA, induces another branch of the JA pathway, regulating 

signalling components such as ETHYLENE RESPONSE FACTOR (ERF) transcription factors 

to regulate several genes such as PLANT DEFENSIN 1.2 (PDF1.2), which is important for 

defence against necrotrophic pathogens (Bürger and Chory, 2019).  

 

Plant responses to insect eggs 
 

After mating, female butterflies have a challenging task, which is to deposit eggs onto a suitable 

host plant, to ensure their progeny’s survival. Ovipositing insects mainly rely on external 

stimuli to recognize their hosts, such as visual and olfactory cues. Specialist lepidopteran insects 

are known to select their host plants through the detection of host-specific chemicals. The 

crucifer specialist Plutella xylostella uses intact glucosinolates as recognition cues for 

oviposition (Sun et al., 2009). The monarch butterfly Danaus plexippus, a milkweed specialist, 

uses specialized chemoreceptors to sense leaves flavonoids and thus detect its hosts for 

oviposition (Haribal and Renwick, 1996). Despite their inert stage, insect eggs represent a 

considerable threat since they will develop into feeding larvae, causing important damages. 

Plants respond actively to insect eggs deposition by triggering various direct and indirect 

defences.  

Direct defences aim to target directly the eggs and not the ovipositing female and can 

have various outcomes such as eggs desiccation, detachment, destruction and killing 

(Reymond, 2013; Hilker and Fatouros, 2015; Bertea et al., 2020). Following oviposition, plants 

induce a localized ROS burst, callose deposition and cell death, leading to eggs desiccation or 

falling. This reaction is described as a hypersensitive-like response (HR-like) due to the 

intriguing similarities shared with pathogen-triggered HR (Reymond, 2013). This response was 

described in several species of Brassicaceae and Solanaceae families (Shapiro and DeVay, 

1987; Balbyshev and Lorenzen, 1997; Fatouros et al., 2012; Bonnet et al., 2017; Griese et al., 

2021). Other plants grow tumour-like structures called neoplasm underneath the eggs, leading 

to their detachment and increasing egg/larval mortality (Doss et al., 2000; Petzold-Maxwell et 

al., 2011; Geuss et al., 2017). Moreover, some plants developed ovicidal substances, such as 

rice varieties that produce benzyl benzoate to kill eggs of several planthoppers species (Seino 

et al., 1996) or the bittersweet night-shade Solanum dulcamara accumulating toxic amount of 

hydrogen peroxide (H2O2) at the site of oviposition (Geuss et al., 2017). Another fascinating 

example of a direct egg defence is in Viburnum spp. where eggs from the leaf beetle Pyrrhalta 
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viburni are deposited in cavities they dig in twigs. By growing wound tissue in response to 

oviposition, eggs are crushed in the cavity before even hatching (Desurmont et al., 2011).  

 Indirect defences, on the contrary, aim to indirectly harm the eggs, by attracting natural 

enemies. Oviposition-induced plant volatiles (OIPVs) emitted in the air attract parasitoid wasps 

that exclusively attack and kill the deposited eggs and not the host plant. It has been 

demonstrated that oviposition by the elm leaf beetle Xanthogaleruca luteola and the pine sawfly 

Diprion pini induces the emission of terpenoid volatiles that specifically attract female egg 

parasitoids (Wegener et al., 2001; Hilker et al., 2002; Mumm et al., 2003; Büchel et al., 2011). 

Interestingly, even some insectivorous birds can scent and be attracted by OIPVs (Mäntylä et 

al., 2018; Mrazova et al., 2019). In addition to OIPVs, eggs also induce indirect defences by 

triggering changes in the plant’s surface chemistry. Parasitoids perceive these changes while 

walking on the plant and spend more time on it, thus increasing chances to find and parasite 

eggs (Fatouros et al., 2005; Fatouros et al., 2008). Finally, indirect defences can also result from 

morphological rather than chemical innovations. Plants of the Passiflora genus contain 

extensive chemical defences such as various cyanogenic glucosides, flavonoids and alkaloids, 

but specialist insects such as Heliconius spp. can handle them. To circumvent that adaptation, 

some Passiflora species have evolved egg-like structures dispersed on their leaves. Female 

Heliconius butterflies usually avoid laying eggs on plants already occupied by conspecifics and 

the presence of these structures mimicking real eggs acts as an oviposition deterrent. Indeed, 

removal of these egg-like structures was sufficient to increase by 60% the attractiveness of the 

plant for oviposition by H. cydno (Williams and Gilbert, 1981; de Castro et al., 2018). This is 

demonstrating a fascinating example of indirect defence targeting insect behaviour.  

 Plant molecular responses to oviposition start progressively to be unveiled. Several 

studies showed that insect eggs deposition triggers a large transcriptional reprogramming in 

plants (Little et al., 2007; Firtzlaff et al., 2016; Nallu et al., 2018; Lortzing et al., 2020). In 

Arabidopsis, oviposition by the large white butterfly Pieris brassicae (Fig. 1) induces hundreds 

of stress-related and SA-responsive genes, a transcriptional profile drastically distinct from 

herbivory-associated responses, which trigger JA-related defences (Little et al., 2007). 

Accordingly, SA accumulates at high levels upon oviposition or treatment with crude egg 

extract (EE) at the local site of application as well as to a lesser extent in systemic tissues 

(Bruessow et al., 2010). Although induction of JA-related defences following oviposition was 

reported, this seems to be associated with ovipositional wounding, as in D. pini – Pinus 

sylvestris interaction, where eggs are deposited after the female slits the pine needle (Hilker et 

al., 2002). In addition to SA, Arabidopsis induces local accumulation of ROS, cell death and 
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expression of early responsive genes, which are responses commonly activated after pathogen 

detection during PTI (Gouhier-Darimont et al., 2013) (Fig. 2). Moreover, several SA 

biosynthetic and regulatory genes such as ICS1, NPR1, EDS1 were shown to be essential for 

egg-induced responses, providing further similarities with PTI responses (Gouhier-Darimont et 

al., 2013).  

 

 
Figure 1. Pieris brassicae life stages. 
(A) Eggs; (B) Fourth instar larva; (C) Young chrysalis; (D) Butterfly 
Photographs courtesy of Zigmunds Orlovskis. 
 

 

To induce any responses, egg-derived elicitor(s) should be delivered and recognized by 

the plant. The first identified egg-associated molecular patterns (EAMPs) were actually found 

in egg-associated secretions or in adult insects. Benzyl cyanide is a male-derived anti-

aphrodisiac molecule found in female accessory reproductive gland secretions and are released 

with eggs from P. brassicae. This elicitor triggers leaf surface chemical changes and is 
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responsible for the arrest of the egg parasitoid Trichogramma brassicae (Fatouros et al., 2008). 

Proteins or peptides from oviduct secretions that are released with eggs from the pine sawfly 

D. pini and the elm leaf beetle X. luteola also act as elicitors by inducing OIPVs emission 

(Hilker et al., 2005). Most of insect eggs contain a considerable amount of lipids and proteins 

in order to support embryogenesis. Seeking for egg-derived elicitor(s) contained inside P. 

brassicae eggs, initial experiments using an Arabidopsis transgenic line expressing the b-

glucuronidase (GUS) gene coupled to the promoter of the SA-marker gene PATHOGENESIS-

RELATED 1 (PR1) were conducted (Bruessow et al., 2010). It was shown that crude EE triggers 

a strong and localized expression of PR1 (Bruessow et al., 2010). This eliciting activity is even 

enriched when a fraction containing total egg lipids is applied (Bruessow et al., 2010; Gouhier-

Darimont et al., 2013). Solid-phase extraction and nuclear magnetic resonance analyses of this 

EE-derived lipid fraction allowed to identify phosphatidylcholines (PCs) as being the most 

abundant lipid species contained in EE (Stahl et al., 2020). It was demonstrated that these PCs 

can diffuse out of the eggs and induce SA accumulation, cell death, H2O2 production and 

defence gene expression similarly to oviposition and EE application (Stahl et al., 2020). 

Interestingly, a similar concentration of PCs is contained in EE from S. littoralis, which was 

shown to induce the same responses than P. brassicae EE (Bruessow et al., 2010; Stahl et al., 

2020). Intriguingly, extracts from adult females of Sogatella furcifera also contain PCs, which 

trigger accumulation of the ovicidal substance benzyl benzoate in rice, although their 

occurrence in eggs has not been demonstrated (Yang et al., 2014). Overall, these findings 

support PCs as being active EAMPs that can be released, recognised, and elicit various immune 

responses.  

Generally, plants detect elicitors via specific receptors localized at the plasma 

membrane. In an attempt to identify such receptor, 41 T-DNA lines for different egg-induced 

RLKs were screened by measuring PR1 expression following EE application (Little et al., 2007; 

Gouhier-Darimont et al., 2013). Only one line carrying a mutation in LecRK-I.8, a L-type lectin 

receptor kinase, was shown to display strongly reduced PR1 expression in response to EE 

treatment (Gouhier-Darimont et al., 2013). Further experiments showed that egg-induced ROS 

production, cell death and SA accumulation were strongly reduced in lecrk-I.8 mutant, 

suggesting that LecRK-I.8 is a crucial component of egg perception (Gouhier-Darimont et al., 

2019). LecRK-I.8 is part of a subclade of 11 LecRK genes that are closely related to each other 

(Bellande et al., 2017). Egg-induced responses were not completely abolished in lecrk-I.8 single 

mutant and it cannot be excluded that some redundancy by the other subclade members might 

contribute to the residual response (Gouhier-Darimont et al., 2019). Interestingly, it was 
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recently found that LecRK-I.1 is specifically involved in the regulation of egg-induced HR-like 

response and a lecrk-I.1 mutant displayed reduced responses to EE (Groux et al., 2020). Finally, 

above-mentioned egg-induced responses were strongly reduced in lecrk-I.8 mutant when 

treated with PCs similarly to oviposition and EE treatment, reinforcing the discovery of PCs as 

active EAMPs (Stahl et al., 2020). However, whether LecRK-I.8 and/or LecRK-I.1 can bind to 

PCs is currently unknown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Simplified model of the molecular signalling events following P. brassicae oviposition in Arabidopsis.  
Refer to the text for details. Modified from Stahl et al. (2018) with permission.  
EAMP, egg-associated molecular pattern; PC, phosphatidylcholine; RLK, receptor-like kinase; SA, salicylic acid; 
SAR, systemic acquired resistance; HR, hypersensitive response; TF, transcription factor. 
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Beside directly impacting egg survival, egg-induced responses can also affect defences 

against future hatching larvae, both negatively and positively. Upon P. brassicae oviposition, 

the black mustard Brassica nigra emits volatiles that attract the larval parasitoid Cotesia 

glomerata, a process considered as an egg-induced indirect defence against herbivory (Fatouros 

et al., 2012). Several studies demonstrated that insect eggs can be perceived as a signal for 

imminent herbivory and that they can prime anti-herbivore defences. Larvae of the generalist 

Spodoptera exigua performed worse on oviposited Nicotiana attenuata and S. dulcamara in 

comparison to egg-free plants, resulting from priming of feeding-induced defence traits by prior 

oviposition (Bandoly et al., 2015; Geuss et al., 2018). In Arabidopsis, treatment with S. littoralis 

or P. brassicae EE was shown to inhibit feeding-induced JA-related defences. It is known that 

SA and JA pathways act antagonistically (Pieterse et al., 2009). Following EE treatment, 

performance of S. littoralis was enhanced and this was dependent on SA accumulation, 

suggesting that eggs may hijack the SA pathway for the benefit of their progeny. However, P. 

brassicae larvae did not benefit from reduced defences, probably due to the tolerance of this 

insect towards Arabidopsis defences (Wittstock et al., 2004). On the contrary, other studies 

found that P. brassicae fed less on previously oviposited Arabidopsis and exhibited higher 

mortality (Geiselhardt et al., 2013; Pashalidou et al., 2013; Valsamakis et al., 2020). 

Surprisingly, this effect was SA-dependent and was associated with flavonoid metabolism 

(Lortzing et al., 2019). Discrepancies among these studies might be due to the type of plant 

treatment (EE application versus natural oviposition), although it was recently shown that plant 

responses to both are similar (Stahl et al., 2020), and/or the type of larval feeding (single larva 

versus gregariously feeding behaviour). In addition to SA-JA crosstalk, egg-induced SA 

accumulation might also impact pre-existing or further plant-pathogen interactions. 
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Systemic acquired resistance 
 

Systemic acquired resistance (SAR) is an inducible leaf-to-leaf defence response triggered after 

a primary localized pathogen infection. This results in enhanced defences in the whole foliage, 

providing resistance against a broad range of pathogens (Fu and Dong, 2013; Shah and Zeier, 

2013; Vlot et al., 2020). Another form of systemic immunity is triggered in roots by beneficial 

soil microorganisms and induce resistance in aerial parts of the plant, a process termed induced 

systemic resistance (ISR) (Pieterse et al., 2014). The first observation of SAR was reported 

when uninfected systemic leaves of tobacco exhibited increased immunity following initial 

infection with tobacco mosaic virus (Ross, 1961). SAR requires the SA pathway, the generation 

and translocation of a mobile signal and is accompanied with priming of defence gene 

expression in systemic tissues (Shah and Zeier, 2013; Vlot et al., 2020). SA was thought to be 

the SAR mobile signal because it was accumulating at high levels in local infected leaves as 

well as in petiole exudate of such leaves (Malamy et al., 1990; Metraux et al., 1990). However, 

grafting experiments showed that SA-deficient tobacco rootstocks were still able to transmit a 

signal and activate SAR in wild-type tobacco scions, suggesting that SA is not the transmitted 

signal but is rather essential for SAR establishment in systemic tissues (Gaffney et al., 1993; 

Vernooij et al., 1994). Further studies identified several putative SAR signals, such as methyl 

salicylate (MeSA), azelaic acid (AzA), glycerol-3-phosphate (G3P), dehydroabietinal (DA) as 

well as the non-protein amino acid pipecolic acid (Pip) and its derivative N-hydroxy-pipecolic 

acid (NHP) (Fu and Dong, 2013; Shah and Zeier, 2013; Hartmann and Zeier, 2018; Vlot et al., 

2020). 

 Recent studies have demonstrated that the NHP pathway is essential for SAR 

establishment. Upon pathogen infection, Pip accumulates at high levels in local and systemic 

leaves, inducing SA accumulation and defence gene expression (Návarová et al., 2012). The 

complete biosynthesis of Pip and its derivative NHP has been recently elucidated (Hartmann et 

al., 2017). AGD2-LIKE DEFENSE RESPONSE PROTEIN 1 (ALD1) encodes a 

aminotransferase and catalyses the first step of Pip biosynthesis by transferring the a-amino 

group of L-Lysine (Lys) to acceptor molecules to generate 2,3-dehydropipecolic acid (DP), 

which is then reduced by SAR-DEFICIENT 4 (SARD4) and possibly other reductases to 

generate Pip in the chloroplast (Ding et al., 2016; Hartmann et al., 2017) (Fig. 3B). Although 

ALD1 can use other amino acids than Lys to catalyse transamination in vitro, products of such 

reactions are not detectable in planta, suggesting that the biosynthesis of 2,3-DP from Lys is 

the major function of ALD1 (Hartmann et al., 2017). Accordingly, ald1 mutant is lacking 2,3-
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DP and Pip and is fully SAR-deficient (Návarová et al., 2012; Hartmann et al., 2017). FLAVIN-

DEPENDENT MONOOXYGENASE 1 (FMO1) further metabolizes Pip in the cytosol to 

generate NHP, which acts as the metabolic regulator of SAR (Chen et al., 2018; Hartmann et 

al., 2018). Consequently, fmo1 mutant is SAR-deficient and exogenous application of NHP but 

not Pip is able to restore SAR (Mishina and Zeier, 2006; Chen et al., 2018; Hartmann et al., 

2018). Furthermore, it was demonstrated that deuterated NHP can move systemically in 

exogenously supplied Arabidopsis (Mohnike et al., 2021). In addition to NHP, an hexose-

conjugated form of NHP was also detected in systemic tissues of SAR-activated plants (Chen 

et al., 2018). Activity regulation of defence metabolites can be achieved by chemical 

modifications such as glycosylation, carried out by UDP-glycosyltransferases (UGTs). During 

pathogen attack, SA accumulates as well as its inactive glycosylated forms, SA glucose ester 

(SGE) and SA b-glucoside (SAG) (Vlot et al., 2009). It was shown that these conjugates are 

produced by the action of several UGTs, including UGT76B1, which was also described to 

glycosylate isoleucic acid (von Saint Paul et al., 2011; Noutoshi et al., 2012). Several 

independent studies showed that UGT76B1 can glycosylate NHP to generate an NHP-O-

glucoside (NHPG), which is biologically inactive. Indeed, ugt76b1 mutant is unable to generate 

NHPG and displays constitutively active defence responses and a reduced growth phenotype, 

which is attributed to the overaccumulation of NHP (Bauer et al., 2021; Cai et al., 2021; Holmes 

et al., 2021; Mohnike et al., 2021). Together, these studies indicate that NHP is the active SAR 

signal inducing SA accumulation and SAR upon pathogen infection and uncover its regulation 

mechanism through glycosylation by UGT76B1.  
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Figure 3. Biosynthesis of SA and NHP in Arabidopsis. 

(A) SA biosynthesis pathway. (B) NHP biosynthesis pathway. Refer to the text for details. SAR, systemic acquired 

resistance. 
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 SA and NHP pathways are inter-connected during SAR (Fig. 3) and biosynthetic genes 

of both pathways are commonly regulated by several transcription factors (Vlot et al., 2020; 

Zeier, 2021). The interacting proteins EDS1 and PAD4 have been shown to mediate basal plant 

resistance by promoting SA biosynthesis (Jirage et al., 1999; Feys et al., 2001). Pip and NHP 

accumulate in an SA-independent manner at the site of infection, promoted by EDS1/PAD4 

signalling (Mishina and Zeier, 2006; Bernsdorff et al., 2016; Hartmann et al., 2018). 

Consequently, a minor SAR response was still observable in the SA-deficient ics1 mutant, in 

an FMO1-dependent manner, suggesting that the NHP pathway can promote SAR in a SA-

dependent and independent way (Bernsdorff et al., 2016). Two transcription factors induced 

during SAR, SAR-DEFICIENT 1 (SARD1) and CALMODULIN-BINDING PROTEIN 60g 

(CBP60g), activate biosynthesis of SA and NHP through direct binding to the promoters of 

ICS1, ALD1 and FMO1 (Wang et al., 2011; Sun et al., 2015). Consequently, the sard1 cbp60g 

double mutant has reduced levels of SA and Pip and is SAR-deficient (Zhang et al., 2010; Sun 

et al., 2018). SARD1 and CBP60g are positively regulated by several proteins, including 

EDS1/PAD4 and TGA1 and TGA4 (Gruner et al., 2013; Sun et al., 2018). When exogenously 

applied, Pip induces, in a FMO1-dependent manner, the expression of genes regulating SAR 

such as ALD1, SARD4, FMO1, ICS1, EDS5, EDS1, PAD4, SARD1 and CBP60g (Hartmann et 

al., 2018), NHP application induces ALD1, SARD4, FMO1 and ICS1 expression (Chen et al., 

2018). SA accumulation has also been shown to induce SARD1, EDS1, PAD4 and SARD4 

expression, highlighting the ability of these metabolites to positively regulate their own 

biosynthesis as well as various SAR-promoting genes (Hartmann and Zeier, 2019). Another 

regulation of the NHP pathway occurs through the action of the Pip-inducible transcription 

factor WRKY33. It was shown recently that in addition to its role in promoting camalexin 

biosynthesis (Mao et al., 2011), WRKY33 is positively regulating NHP biosynthesis and 

therefore SAR establishment by binding to the promoter of ALD1 (Wang et al., 2018). 

WRKY33 is directly phosphorylated by MPK3 and MPK6 as well as CPK5 and CPK6, which 

were also shown to activate SARD1, illustrating a common positive regulation of camalexin 

biosynthesis and NHP pathway for SAR establishment (Mao et al., 2011; Wang et al., 2018; 

Guerra et al., 2020; Zhou et al., 2020) (Fig. 4). 

 

 

 

 

 



 20 

 
Figure 4. Model depicting SAR signalling. 
Refer to the text for details. Arrows indicate positive regulation. Blunt end lines indicate inhibition. Multiple 
arrows indicate several steps. Abbreviations: CH: chorismate; SA: salicylic acid; PTI: pattern-triggered immunity; 
ETI: effector-triggered immunity; Lys: lysine; Pip: pipecolic acid; NHP: N-hydroxy-pipecolic acid; SAR: systemic 
acquired resistance 
 

 

Amino acid-related metabolism has important functions in plant immunity (Zeier, 

2013). Tryptophan (Trp)-derived metabolism constitutes an important reservoir of indolic 

compounds with defence-relevant activity against a broad range of pathogens and herbivores 

in Arabidopsis and other crucifers (Bednarek et al., 2011; Bednarek, 2012; Kettles et al., 2013; 

Rajniak et al., 2015). Trp is first converted by the two cytochrome P450 enzymes CYP79B2 

and CYP79B3 to generate indole-3-acetaldoxime (IAOx) (Zhao et al., 2002). From IAOx, 

several branches diverge to generate indole glucosinolates, camalexin, indole-3-carboxylic acid 

(ICA), indole-3-acetic acid and other small indolic metabolites (Glawischnig, 2007; Bender and 

Celenza, 2009; Bednarek, 2012) (Fig. 5). Moreover, during bacterial-induced SAR, ICA, 

indole-3-carbaldehyde and indole-3-ylmethylamine accumulated in systemic leaves, 

illustrating a connection between Trp-derived indolic metabolism and SAR in Arabidopsis 

(Stahl et al., 2016). 
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Figure 5. Simplified scheme illustrating tryptophan-derived indolic metabolism. 
Multiple arrows indicate multiple biosynthesis steps. L-Trp, tryptophan; IAOx, indole-3-acetaldoxime; IAA, 
indole-3-acetic acid; 4-OH-ICN, 4-hydroxy-indole-3-carbonyl nitrile; IAN, indole-3-acetonitrile; ICA, indole-3-
carboxylic acid. 
 

 

Recently, it was found that P. brassicae oviposition induces a SAR against the bacterial 

pathogen Pseudomonas syringae pv. tomato DC3000 (Pst) in Arabidopsis (Hilfiker et al., 

2014). This egg-induced SAR was dependent on a functional NHP pathway, suggesting a 

conserved mechanism with pathogen-induced SAR (Hilfiker et al., 2014). By reducing 

pathogen load on leaves, egg-induced SAR might be beneficial for hatching larvae and it was 

shown that indeed, P. brassicae larvae performed better on Pst-infected plants previously 

treated with EE compared to Pst-infected plants (Hilfiker et al., 2014). It was demonstrated in 

Nicotiana benthamiana that SAR can be transmissible to neighbouring plants via a root-

mediated pathway (Cheol Song et al., 2016). Egg-induced interplant SAR against Pst was 

recently discovered in Arabidopsis and was shown to occur via a mobile root-derived signal in 

an ALD1- and FMO1-dependent manner (Orlovskis and Reymond, 2020). Ecological functions 

of such egg-induced responses are still unclear, but it can be hypothesized that reducing 

pathogen load in neighbouring plants might be beneficial for the development of larvae. Indeed, 

larvae are moving and changing hosts when levels of induced defences are too high and such 
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protection of neighbouring plants might increase their chances of survival. However, whether 

such insect egg-induced interplant SAR is occurring in natural environment and have fitness 

benefits for both insects and plants remains to be studied.  

 

Arabidopsis – Botrytis cinerea pathosystem 
 

The ascomycete Botrytis cinerea is a necrotrophic plant pathogen causing the grey mould 

disease, which is characterized by the rotting of all aerial parts of plants to produce abundant 

grey conidiophores and conidia (Fig. 6). B. cinerea is spread worldwide and can infect more 

than 1000 species, including many important crops and is therefore considered as the second 

most important plant fungal pathogen (Williamson et al., 2007; Dean et al., 2012). For a long 

time, it was considered that B. cinerea infection strategies mainly rely on deployment of cell 

wall-degrading enzymes, ROS and phytotoxic compounds (van Kan, 2006), but recent studies 

showed that this fungus uses subtler means to infect its hosts. Indeed, B. cinerea can exploit 

biological processes in hosts for its own success. It has been shown that B. cinerea silences 

Arabidopsis genes involved in immunity through the translocation of small RNAs (sRNA) that 

hijack the plant RNA interference (RNAi) pathway (Weiberg et al., 2013). This process occurs 

in the early phase of the infection and requires plant hosts to be alive, suggesting an early and 

short biotrophic lifestyle of B. cinerea, placing it in the category of hemibiotrophic rather than 

necrotrophic fungi (Veloso and van Kan, 2018). This cross-kingdom RNAi mechanism can 

even occur in a bi-directional manner, since transgenic Arabidopsis and tomato plants 

expressing sRNAs targeting the RNAi pathway of B. cinerea were shown to exhibit increased 

resistance (Wang et al., 2016). Early works showed that infection of Arabidopsis with B. 

cinerea leads to the induction of many defence genes that are mainly regulated by JA and ET 

signalling pathways. Mutants impaired in JA and ET signalling are highly susceptible to B. 

cinerea infection (Thomma et al., 1999). There are however reports pointing to a contribution 

of SA signalling pathway. Exogenous SA application decreases B. cinerea lesion size and the 

ET insensitive mutant ein2-1 is more resistant than the ein2-1 npr1 double mutant (Ferrari et 

al., 2003). Furthermore, recent phenotypic and transcriptomic analyses of Arabidopsis plants 

infected with various B. cinerea isolates support a more intricated role of JA and SA pathways 

in resistance (Zhang et al., 2017). In addition to this, plant defences as well as pathogen 

virulence have been shown to fluctuate during the day (Sharma and Bhatt, 2015). Arabidopsis 

susceptibility to B. cinerea was decreased when infection occurred at dawn and this was 

associated with a faster expression of JA/ET-responsive genes at that time of the day (Ingle et 
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al., 2015). On the other side, B. cinerea circadian clock regulates its pathogenicity, with a 

greater virulence when infection occurs at dusk (Hevia et al., 2015).  

 

 
Figure 6. Botrytis cinerea and grey mould disease. 
(A) B. cinerea hyphae with conidiophores and conidia. (B to F) Typical grey mould disease on leaves and fruits 
of lettuce, strawberries, grape, tomato and Arabidopsis, respectively. Pictures were taken from Google Images. 
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THESIS OUTLINE 
 

As mentioned, P. brassicae oviposition and treatment with EE induce a SAR against several 

strains of the pathogenic bacteria P. syringae. This response relies on SA and NHP pathways, 

which are known SAR regulators, and on priming of defence gene expression. However, no 

link with secondary metabolism was established. In this study, we investigate whether EE-

induced SAR is extended to other pathogens, and we found that it also reduces B. cinerea 

growth in systemic leaves. We then focused on the involvement of indolic metabolism in this 

response, which is a pathway induced following infection by various pathogens. Finally, we 

addressed the biological relevance of this response with various bioassays. 

 In Chapter 1 of this thesis, we investigate whether EE-induced SAR against B. cinerea 

relies on similar signalling mechanisms than EE-induced SAR against P. syringae. By 

performing bioassays with several signalling mutants, we demonstrate that SA and NHP 

pathways are also required to establish SAR against B. cinerea. Chapter 2 reports the 

involvement of tryptophan-derived indolic metabolism in this response, with a substantial role 

of camalexin, an important defence metabolite in Arabidopsis. In Chapter 3, we show that 

glucose conjugated derivatives of indole-3-carbaldehyde and indole-3-carboxylic acid 

accumulate in systemic leaves of EE-treated plants. This response is lost in the Pip-deficient 

mutant ald1 and in the indole glucosinolates triple mutant myb34 myb51 myb122 but conserved 

in other indolic mutants. These metabolites have no function in EE-induced SAR establishment 

against B. cinerea, but we discuss their potential involvement in SAR against other pathogens. 

Finally, Chapter 4 focuses on the biological relevance of EE-induced SAR. Performing 

bioassays measuring P. brassicae larval performance on B. cinerea-infected plants, we show 

that development of the insect is impacted. In addition, we also demonstrate that treatment with 

EE locally reduces B. cinerea growth on other Brassicaceae plant species. 
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ABSTRACT 
 

Although insect eggs look harmless, they constitute a real threat for the plant as they will 

develop into feeding larvae and cause important damages. In Arabidopsis thaliana, oviposition 

by the Large White butterfly Pieris brassicae induces expression of defence genes associated 

to biotic stresses and accumulation of salicylic acid (SA), which is usually produced to fend off 

bacterial pathogens rather than herbivorous insects. Previous work showed that natural 

oviposition by P. brassicae or treatment with egg extract (EE) trigger a systemic acquired 

resistance (SAR) against the hemi-biotroph plant pathogen Pseudomonas syringae. Here, we 

found that EE-induced SAR is also effective against the fungal pathogen Botrytis cinerea. 

Application of EE from the generalist Spodoptera littoralis as well as insect egg-associated 

phosphatidylcholines (PCs) also induced a significant reduction of B. cinerea growth in 

systemic leaves. This EE-induced SAR is dependent on the lectin receptor kinase LecRK-I.8 

and on mitogen-activated protein kinases MPK3 and MPK6, which are involved in early egg 

signalling steps. Furthermore, EE-induced SAR is abolished in ics1, ald1 and fmo1, indicating 

that functional SA and N-hydroxy-pipecolic acid (NHP) pathways are required. Together, these 

results show that P. brassicae oviposition induces SAR against pathogens with different 

lifestyles through a conserved signalling mechanism. 
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INTRODUCTION 
 

Due to their inability to escape enemies, plants have evolved strategies to face a broad range of 

attackers. These strategies mainly rely on transcriptional changes mediated by jasmonic acid 

(JA), salicylic acid (SA) and ethylene (ET) signalling pathways (Bürger and Chory, 2019). 

Upon recognition of herbivory, plants activate the JA pathway, which leads to the production 

of poisonous metabolites and anti-digestive proteins as well as the emission of volatiles that 

attract predators (Reymond et al., 2004; Howe and Jander, 2008).  

 Although insect eggs deposited on leaves do not represent a direct threat, they trigger 

various direct and indirect defence responses that lead to egg desiccation, drop-off, mortality 

or attraction of egg parasitoids (Reymond, 2013; Hilker and Fatouros, 2016). Following 

oviposition by the Large White butterfly Pieris brassicae, the expression profile of Arabidopsis 

thaliana (Arabidopsis) leaves is drastically distinct from the profile induced after larval feeding 

(Little et al., 2007). Indeed, oviposition-induced expression profile is enriched with SA-

regulated genes (Little et al., 2007). Accordingly, SA accumulates at the site of oviposition as 

well as in systemic tissues (Bruessow et al., 2010). Egg-induced SA accumulation was shown 

to inhibit the JA pathway, resulting in an enhanced performance of the generalist Spodoptera 

littoralis larvae (Bruessow et al., 2010), although this effect is variable across plants and insects 

species (Bandoly et al., 2015; Bonnet et al., 2017; Lortzing et al., 2019). Furthermore, many 

components of the SA pathway, such as the downstream regulator NON-EXPRESSOR OF PR 

GENES 1 (NPR1) are important for egg-induced gene expression (Gouhier-Darimont et al., 

2013). In addition to SA, P. brassicae oviposition and treatment with crude egg extract (EE) 

induce the accumulation of reactive oxygen species (ROS) and trigger a localized cell death, 

which are responses usually produced to fend off pathogens during pattern-triggered immunity 

(PTI) (Gouhier-Darimont et al., 2013). In plants, lectins have been described as important actors 

in defence against pathogens (Chrispeels and Raikhelb, 1991). Interestingly, the L-type lectin 

receptor kinase LecRK-I.8 was recently shown to be involved in insect egg perception 

(Gouhier-Darimont et al., 2019). Indeed, the lecrk-I.8 mutant displays drastically reduced 

responses following P. brassicae oviposition and treatment with EE (Gouhier-Darimont et al., 

2013; Gouhier-Darimont et al., 2019). Recently, phosphatidylcholines (PCs) were shown to be 

the most abundant lipid species in P. brassicae and S. littoralis eggs (Stahl et al., 2020). PCs 

can diffuse out of the eggs and induce SA accumulation, cell death, hydrogen peroxide 

production and defence gene expression in Arabidopsis, similar to natural oviposition and 
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treatment with EE and function as active egg-associated molecular patterns (EAMPs) (Stahl et 

al., 2020). 

 It was recently shown that P. brassicae oviposition and treatment with EE induce a 

systemic acquired resistance (SAR) in Arabidopsis (Hilfiker et al., 2014). SAR is an inducible 

defence response commonly associated with a primary pathogen infection which results in 

enhanced systemic defences and protection upon a secondary infection by a broad range of 

pathogens (Fu and Dong, 2013; Vlot et al., 2020). Plants pre-treated with EE are more resistant 

to the bacterial pathogen Pseudomonas syringae pv. tomato DC3000 (Pst) compared to 

untreated plants and this is associated with the priming of defence gene expression (Hilfiker et 

al., 2014). SAR requires the SA pathway and the translocation of a mobile signal (Shah and 

Zeier, 2013; Vlot et al., 2020). Recently, the non-protein amino acid pipecolic acid (Pip) 

derivative N-hydroxy-Pip (NHP) was identified as an active SAR signal (Návarová et al., 2012; 

Chen et al., 2018; Hartmann et al., 2018). Indeed, Pip and NHP accumulate in local and 

systemic leaves following infection by P. syringae pv. maculicola (Psm) and promote SA 

accumulation as well as defence gene expression (Návarová et al., 2012; Hartmann et al., 2018). 

The first step of NHP biosynthesis is catalysed by AGD2-LIKE DEFENSE RESPONSE 

PROTEIN 1 (ALD1) which transfers the amino group of L-lysine to generate 2,3-

dehydropipecolic acid, which is then reduced to Pip by SAR-DEFICIENT 4 (SARD4) 

(Hartmann et al., 2017). FLAVIN-DEPENDENT MONOOXYGENASE 1 (FMO1) further 

converts Pip to NHP, which acts as the metabolic SAR regulator (Chen et al., 2018; Hartmann 

et al., 2018). Consequently, pathogen-induced SAR is abolished in ald1 and fmo1 mutants 

(Návarová et al., 2012; Ding et al., 2016; Hartmann et al., 2017). However, when exogenously 

applied, Pip can restore SAR in ald1 but not in fmo1 mutant, whereas application of NHP 

restores SAR in fmo1, indicating that NHP is the active SAR signal (Návarová et al., 2012; 

Chen et al., 2018). Interestingly, P. brassicae EE treatment induces Pip accumulation in local 

and distal leaves and EE-induced SAR is also blocked in ald1 and fmo1, implicating the NHP 

pathway in this response and illustrating a conserved mechanism with bacterial-induced SAR 

(Hilfiker et al., 2014).  

 In this study, we show that egg-induced SAR is also efficient against the fungal 

pathogen Botrytis cinerea. This generalist pathogen causes the grey mould disease and infects 

more than 1000 plant species (Veloso and van Kan, 2018). Here, we focus on the signalling of 

egg-induced SAR against B. cinerea. We show that this response requires early-egg perception 

components and is dependent on the SA and NHP pathways. 
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RESULTS  
 

Oviposition and treatment with egg extract reduce B. cinerea infection 
 

It was previously found that natural oviposition and treatment with P. brassicae EE reduce 

growth of several P. syringae strains in Arabidopsis, both in local and distal leaves (Hilfiker et 

al., 2014). Here, we tested whether insect eggs can induce a similar response to B. cinerea 

infection. For that purpose, female P. brassicae butterflies were allowed to deposit egg batches 

on 4-week-old Arabidopsis plants for 4 to 5 days. Just before hatching of larvae, eggs were 

gently removed from the plant. Two distal leaves were then infected by drop inoculation with 

a B. cinerea spore suspension and lesion perimeter was measured after 3 days (Fig. 1A). 

Compared to control plants, oviposited plants showed a significantly reduced infection in distal 

leaves (Fig. 1B). As a complementary experiment, plants were pretreated with P. brassicae EE 

for 5 days and then two distal leaves were infected. The amount of EE applied onto each plant 

was equivalent to approximatively two egg batches (one batch per leaf), consisting of 20-30 

eggs each. A similar reduction of B. cinerea infection was observed in EE-treated plants, 

compared to control plants (Fig. 1C). These results confirm previous observations that EE 

treatment mimics responses triggered by natural oviposition (Little et al., 2007; Bruessow et 

al., 2010; Stahl et al., 2020). All further experiments were thus carried out using EE instead of 

natural egg deposition. Consistent with observations on lesion size, hyphal development was 

also significantly reduced in distal leaves (Supplemental Fig. 1). In addition, expression of B. 

cinerea b-tubulin gene was significantly lower in EE-treated plants (Fig. 1D), providing 

independent confirmation that EE pretreatment reduces B. cinerea infection. Finally, a time-

course experiment in local and distal leaves showed that inhibition of B. cinerea infection can 

be observed from 48 h to 72 h, with a significant reduction in distal leaves only after 72 h 

(Supplemental Fig. 2). To explore the generality of egg-induced responses, plants were 

pretreated with EE from the generalist herbivore Spodoptera littoralis. Similar to P. brassicae, 

pretreatment with S. littoralis EE significantly reduced B. cinerea infection (Fig. 1E), 

suggesting conserved signalling mechanisms between distantly related insect species. 

Application of purified PCs onto Arabidopsis leaves was recently shown to induce similar 

immune responses than EE application and natural oviposition (Stahl et al., 2020). To 

investigate whether PCs induce a similar response than EE to B. cinerea infection, plants were 

pretreated with a PC-Mix solution for 5 days and distal leaves were infected. Similar to EE 
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pretreatment, application of PCs significantly reduced B. cinerea infection in distal leaves (Fig. 

1F) and in local leaves (Supplemental Fig. 3).  

 

 

Figure 1. Oviposition and treatment with EE reduce Botrytis cinerea infection. 
(A) Experimental design. (B) Effect of 5 days-pretreatment with P. brassicae oviposition (Ovi) on B. cinerea 
lesion perimeter in distal leaves was measured 3 days after inoculation. Inoculated plants without pretreatment 
were used as controls (CTL). (C) Same as B but plants were pretreated with P. brassicae egg extract (EE). (D) 
Expression of the B. cinerea tubulin gene in distal leaves. Local leaves (1°) were either treated with P. brassicae 
EE (EE) for 5 days or not treated (-). Distal leaves (2°) were then inoculated with PDB (Mock) or B. cinerea spore 
suspension (B.c.) for 2 days. “n.d.”: non-detectable expression. (E) Same as C but plants were pretreated with S. 
littoralis EE. (F) Same as C but plants were pretreated with either P. brassicae EE or a solution of PC-mix from 
chicken egg. Respective controls consisted of untreated plants (CTL) or plants treated with a mock solution 
(Mock). Values shown in (B, C, D, E and F) are means ± SE of three independent experiments (n = 8-20 leaves 
per experiment). Significant differences between control and treated plants are indicated (linear mixed model, *** 
P<0.001). Dots indicate individual values. 
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EE-induced SAR requires early egg perception signalling 
 

Recently, it was found that EE-induced SAR against Pst was abolished in the lecrk-I.8 single 

mutant (Gouhier-Darimont et al., 2019). To investigate whether LecRK-I.8 is involved in EE-

induced SAR against B. cinerea, lecrk-I.8 mutant was pretreated with P. brassicae EE for 5 

days and two distal leaves were infected. After 3 days, lesion sizes were measured and 

compared to control plants. Pretreatment with EE significantly reduced B. cinerea infection in 

distal leaves and this effect was completely abolished in the lecrk-I.8 mutant (Fig. 2A), 

suggesting a conserved mechanism with EE-induced SAR against Pst.  

 Following PAMPs recognition, downstream signalling events are controlled by the 

redundant mitogen-activated protein kinases (MPK) MPK3 and MPK6, which have been shown 

to also play a role in SAR establishment (Beckers et al., 2009; Wang et al., 2018). To assess 

the involvement of these kinases in EE-induced SAR, mpk3-1 and mpk6-2 mutants were 

pretreated with EE and then infected with B. cinerea. In both mutants, EE-induced reduction of 

B. cinerea growth was abolished (Fig. 2B), suggesting a requirement of these components for 

EE-induced systemic responses. 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. EE-induced SAR requires early egg perception signalling. 
(A, B) Plant genotypes were pretreated with P. brassicae EE for 5 days and further infected with B. cinerea for 3 
days. Lesion perimeter was measured in control (CTL) and distal leaves from EE-treated plants (EE). Means ± SE 
of three independent experiments are shown (n = 8-14 leaves per experiment). Significant differences between 
CTL and treatment are indicated (linear mixed model, *** P<0.001; n.s., not significant). Dots indicate individual 
values. 
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EE-induced SAR depends on the SA pathway 
 

SAR establishment relies on the SA pathway (Hartmann and Zeier, 2019), which is activated 

in Arabidopsis by P. brassicae oviposition (Little et al., 2007; Bruessow et al., 2010). SA-

deficient mutants, such as ics1 or SA signalling mutants, such as npr1-1 exhibit altered 

responses to P. brassicae oviposition (Gouhier-Darimont et al., 2013). We used several mutants 

impaired in either SA biosynthesis or SA signalling to test the implication of the SA pathway 

in EE-induced SAR against B. cinerea. SA biosynthesis requires primarily the activity of 

ISOCHORISMATE SYNTHASE 1 (ICS1), with a limited contribution of its homolog ICS2 

(Garcion et al., 2008). Contrary to Col-0, EE-induced SAR was abolished in ics1 and ics1-/- 

ics2-/+ but conserved in ics2 (Fig. 3A). The ics1-/- ics2-/+ double mutant is homozygous (-/-) for 

the mutation in ICS1 but heterozygous (-/+) for the mutation in ICS2 gene. The fully 

homozygous ics1 ics2 double mutant is severely impacted in growth and leaves pigmentation 

(pale yellowish leaves) (Garcion et al., 2008). We thus decided not to use it for this work. 

Consistent with mutants impaired in SA biosynthesis, the SA-degrading transgenic plant nahG 

displayed no EE-induced SAR but a slight increase in susceptibility to B. cinerea following EE 

pre-treatment (Fig. 3A). Following five days of EE treatment, Col-0 and ics2 mutant 

accumulated SA levels in EE-treated leaves, whereas the EE-induced SAR-defective mutants 

ics1, ics1-/- ics2-/+ and nahG did not (Fig. 3B). These results strongly suggest that EE-induced 

SAR establishment relies on the induction of SA accumulation in local leaves following EE 

treatment (Fig. 3B).  

In PTI signalling, NON EXPRESSOR OF PR GENES 1 (NPR1) and NPR3/NPR4 are 

important downstream modulators of defence gene expression (Zhou and Zhang, 2020). They 

all bind to SA but NPR1 acts as a positive activator of transcription, whereas NPR3/NPR4 are 

repressors (Zhou and Zhang, 2020). We previously found that EE-induced PR1 expression was 

significantly reduced in npr1-1 (Gouhier-Darimont et al., 2013). Here, npr1-1 displayed a 

reduced EE-induced SAR, although this response was not completely abolished (Fig. 3C). The 

residual signalling activity in npr1-1 is postulated to be due to the inhibition of NPR3/NPR4 

repressor activity by SA (Liu et al., 2020). Indeed, using the npr1-1 npr4-4D double mutant, 

which includes the gain-of-function mutant npr4-4D and which is blocked in SA signalling (Liu 

et al., 2020), we could not detect any SAR (Fig. 3D). The double mutant was also more 

susceptible to B. cinerea in absence of EE pretreatment. Thus, these findings demonstrate a 

contribution of the two groups of SA receptors in basal resistance and EE-induced SAR against 

B. cinerea. 
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Figure 3. EE-induced SAR depends on the SA pathway. 
(A, C and D) Plant genotypes were pretreated with P. brassicae EE for 5 days and further infected with B. cinerea 
for 3 days. Lesion perimeter was measured in control (CTL) and distal leaves from EE-treated plants (EE). The 
double mutant ics1 ics2 was homozygous for ics1 (-/-) and heterozygous for ics2 (-/+). (B) Quantification of total 
SA in untreated plants (CTL), EE-treated leaves (Local) and in leaves distal to EE-treated leaves (Distal) after 5 
days. Means ± SE of three independent experiments are shown (n = 6 leaves per experiment). Different letters 
indicate significant difference between treatments within genotypes at P<0.05 (ANOVA followed by Tukey’s 
Honest Significant Difference test). (E) Local leaves (1°) were untreated (CTL), treated with EE for 5 days (EE) 
or infiltrated with Pseudomonas syringae pv. tomato DC3000 (Pst) for 2 days. Distal leaves (2°) were then 
inoculated with B. cinerea spore suspension (B.c.) for 3 days before lesion perimeter measurement. For all 
experiments, means ± SE of three independent experiments are shown (n = 8-28 leaves per experiment). Significant 
differences between CTL and treatment are indicated (linear mixed model, *** P<0.001; ** P<0.01; * P<0.05; 
n.s., not significant). Dots indicate individual values. 
 

 

Finally, to test the involvement of other signalling pathways in this response, we used 

mutants impaired in ET signalling and JA biosynthesis. The ET-insensitive mutant ein2-1 and 

the JA-deficient mutant aos were highly susceptible to B. cinerea infection and displayed no 

EE-induced SAR (Supplemental Fig. 4). Also, we tested whether another stimulus triggering 
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SA was able to induce SAR against B. cinerea. For that purpose, the effect of EE pre-treatment 

and local Pst inoculation on secondary infection with B. cinerea was compared simultaneously. 

Local leaves (1°) were either left untreated, pretreated with EE for 5 days or infiltrated with Pst 

for 2 days and distal leaves (2°) were infected with B. cinerea for 3 days. Both pretreatments 

triggered a significant and similar reduction of B. cinerea infection in distal leaves compared 

to untreated control plants (Fig. 3E). Together, these results indicate that EE-induced SAR 

against B. cinerea requires a fully functional SA pathway.  

 

EE-induced SAR requires a functional NHP pathway  
 

The lysine catabolite Pip and its derivative NHP are crucial for SAR establishment (Chen et al., 

2018; Hartmann et al., 2018). It was recently shown that the NHP pathway is required for EE-

induced SAR against bacterial pathogens (Hilfiker et al., 2014). Here, we used the Pip-devoid 

mutant ald1 and the fmo1 mutant, impaired in Pip conversion to NHP (Návarová et al., 2012; 

Hartmann et al., 2018). Both ald1 and fmo1 mutants were impaired in EE-induced SAR against 

B. cinerea (Fig. 4A), indicating that the NHP pathway is required to reduce fungal growth 

systemically. In addition, we tested whether exogenous Pip application could complement the 

SAR-defective phenotype of these mutants. Plants were left untreated or pretreated with EE for 

5 days and one day prior B. cinerea infection, a 1 mM Pip solution was pipetted onto the soil 

of Col-0, ald1 and fmo1 plants for uptake via the root system (Návarová et al., 2012). In Col-0, 

Pip application alone did not increase resistance against B. cinerea and did not enhance EE-

induced SAR (Fig. 4B), suggesting that Pip is not sufficient to induce SAR without an EE-

derived stimulus. However, Pip application to ald1 was able to restore SAR after EE treatment 

(Fig. 4B), indicating that Pip can complement the biosynthetic mutant and acts downstream of 

an EE stimulus. Finally, Pip application did not restore EE-induced SAR in fmo1 (Fig. 4B).  

Due to its crucial importance for SAR establishment, we assumed that SA might be the 

required EE-derived stimulus. To investigate this, we first infiltrated SA in different 

concentrations to leaves of Col-0 and ics1-/- ics2-/+ in order to reach similar SA levels found in 

local EE-treated leaves. Infiltration of 0.25 mM SA allowed to reach ca. 10 µg/g FW of total 

SA in infiltrated (local) leaves, which is similar to levels reached after 5 days of EE treatment 

(Supplemental Fig. 5A, Fig. 3B). Infiltrated SA was not detected in distal leaves, suggesting 

that it does not move systemically (Supplemental Fig. 5A). Although infiltration of 0.5 mM SA 

efficiently induced PR1 expression (Supplemental Fig. 5B), we used 0.25 mM SA for 

infiltration of Col-0, ald1 and fmo1 in an experiment attempting to reproduce SAR without EE 
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pretreatment. One day prior infection, plants were irrigated with a 1 mM Pip solution and 4 h 

before infection, two leaves were infiltrated with a 0.25 mM SA solution. Two distal leaves 

were then infected with B. cinerea and lesion sizes were measured 3 days later. SA infiltration 

in substitution of EE treatment did not trigger a SAR in any plant genotypes (Supplemental Fig. 

5C). These results strongly suggest that NHP is the signal controlling EE-induced SAR against 

B. cinerea but that it requires another stimulus from eggs to initiate the response. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. EE-induced SAR depends on the NHP pathway. 
(A) Plant genotypes were pretreated with P. brassicae EE for 5 days and further infected with B. cinerea for 3 
days. Lesion perimeter was measured in control (CTL) and distal leaves from EE-treated plants (EE). Means ± SE 
of three independent experiments are shown (n = 8-10 leaves per experiment). Significant differences between 
control and treated plants are indicated (linear mixed model, *** P<0.001; n.s., not significant). (B) Plant 
genotypes were pretreated with P. brassicae EE for 5 days and further infected with B. cinerea. H2O or 1 mM 
pipecolic acid (Pip) was applied to the soil one day prior infection and lesion perimeter measurements were done 
3 days after infection. Means ± SE of three independent experiments are shown (n = 6-8 leaves per experiment). 
Different letters indicate significant differences at P<0.05 (ANOVA followed by Tukey’s Honest Significant 
Difference test). Dots indicate individual values. 
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DISCUSSION 
 

In this study, we show that both natural oviposition and treatment with P. brassicae EE reduce 

B. cinerea infection in Arabidopsis through the activation of SAR. EE treatment induced 

protection in both local and distal leaves. Lesions were significantly smaller in local leaves 48 

h after infection compared to distal leaves, suggesting that a faster protective response can occur 

locally. To reach distal leaves, a signal must be generated and translocated in the whole foliage, 

and this might take some time from its generation in local leaves to the actual effect in distal 

leaves. SA and NHP accumulation in distal leaves following local Psm infection peaks at 48 h 

post-infection (Hartmann and Zeier, 2019). However, whether SA and NHP simultaneously 

reach an active concentration following local EE application is unknown but if so, some 

additional time might be required for induction of systemic responses following perception of 

these signals. Also, EE might induce the accumulation of secondary metabolites with possible 

antifungal activity in local leaves, allowing a faster inhibition of B. cinerea growth. 

Interestingly, treatment with EE from the generalist S. littoralis also induced a SAR against B. 

cinerea. It was recently reported that egg-derived PCs can diffuse out and induce immune 

responses in Arabidopsis, thus acting as active EAMPs (Stahl et al., 2020). The PCs 

composition of EE from P. brassicae and S. littoralis is similar and this could explain the 

similarities between these EE-induced responses (Stahl et al., 2020). Furthermore, treatment 

with EEs from P. brassicae, S. littoralis, Trichoplusia ni and Drosophila melanogaster induces 

expression of the SA-marker gene PR1 in Arabidopsis (Bruessow et al., 2010; Wang et al., 

2017), suggesting the activation of a conserved signalling pathway between distinctly related 

insect species. Whether PCs concentration in the eggs of T. ni and D. melanogaster is similar 

to P. brassicae is unknown and would be interesting to quantify. Strikingly, application of 

purified PCs induced a similar reduction of B. cinerea infection in both local and distal leaves 

compared to P. brassicae EE. Plants respond actively to application of lipids by inducing 

immune responses. For example, extracts from the female planthopper Sogatella furcifera 

containing considerable amounts of PCs and phosphatidylethanolamine (PE) induce the 

production of benzyl benzoate in rice, which acts as an ovicidal substance (Yang et al., 2014). 

Application of rhamnolipids, which are glycolipids produced by various bacteria, induces a 

SAR against P. syringae, B. cinerea and the oomycete Hyaloperonospora arabidopsidis in 

Arabidopsis (Sanchez et al., 2012). These examples illustrate the ability of chemically different 

lipids to elicit various immune responses in plants and demonstrate a potentially conserved 
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mechanism upon recognition of lipidic PAMPs and EAMPs that leads to SAR establishment 

against microbial pathogens in Arabidopsis. 

 EE-induced SAR against B. cinerea is dependent on LecRK-I.8 and this effect was 

already reported for EE-induced SAR against Pst, in accordance with a diminished egg-induced 

SA accumulation in lecrk-I.8 mutant (Gouhier-Darimont et al., 2019). In addition to SA 

accumulation, several immune responses including ROS production, cell death activation and 

defence gene expression are reduced in lecrk-I.8 following EE and PC treatments (Gouhier-

Darimont et al., 2019; Stahl et al., 2020), showing that LecRK-I.8 is a crucial component for 

the perception of eggs. Another study described LecRK-I.8 as a potential sensor for 

extracellular NAD+ (eNAD+) in Arabidopsis (Wang et al., 2017). Intriguingly, the authors show 

that bacterial-induced expression of PR1 is reduced but that SAR induction is not affected in 

lecrk-I.8 mutants (Wang et al., 2017). However, when treated with flg22, lecrk-I.8 mutant 

showed normal defence gene expression (Gouhier-Darimont et al., 2019), illustrating possible 

divergent roles of LecRK-I.8 depending on the biotic stress encountered. Interestingly, 

exogenously applied NAD+ can move systemically and induce a SAR through the action of a 

LecRK from another clade, LecRK-VI.2 (Wang et al., 2019). 

 MPK3 and MPK6 are involved in PTI and ETI during pathogen infection and function 

downstream of receptors by transmitting extracellular stimuli into intracellular responses 

(Tsuda and Katagiri, 2010; Meng and Zhang, 2013). We show here that EE-induced SAR is 

abolished in mpk3-1 and mpk6-2 mutants. These two kinases were already shown to be 

important for the priming of defence responses and SAR induction against bacterial pathogens 

(Menke et al., 2004; Beckers et al., 2009). MPK3/MPK6 activation in local leaves 

phosphorylates the transcription factor WRKY33, which induces Pip and NHP production by 

directly binding to the promoter of ALD1 and therefore activates SAR (Wang et al., 2018). 

However, this regulatory loop is induced in local leaves following infection by avirulent 

pathogens which trigger a sustained activation of MPK3/MPK6 and can therefore bypass SA 

signalling (Tsuda et al., 2013). In contrast, upon infection by virulent pathogens, which do not 

trigger sustained MPK3/MPK6 activation, SAR requires a functional SA signalling pathway 

(Wang et al., 2018). Following EE treatment, a rapid (30 min after application) phosphorylation 

of MPK3/MPK6 was detectable (C. Gouhier-Darimont, unpublished) and this effect was still 

observable 6 days after EE treatment (O. Hilfiker PhD thesis, unpublished). Moreover, 

MPK3/MPK6 phosphorylation was considerably reduced in the lecrk-I.8 mutant (C. Gouhier-

Darimont, unpublished). Thus, the absence of EE-induced SAR against B. cinerea in mpk3-1 
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and mpk6-2 mutants could be due to compromised early signalling steps of egg perception or 

due to direct SAR-regulating functions of these kinases.  

 The activation of the SA pathway is required to establish EE-induced SAR against B. 

cinerea. This finding is somewhat surprising given that plant resistance to B. cinerea is 

generally known to require JA/ET pathways (Pieterse et al., 2012). However, although basal 

resistance to B. cinerea is not affected in the SA-deficient mutant ics1, some reports describe a 

contribution of SA signalling in defence against B. cinerea. In addition, treatment with the 

functional SA analog benzo-(1,2,3)-thiadiazole-7-carbothioic acid S-methyl ester (BTH) 

reduced B. cinerea infection (Zimmerli et al., 2001) and exogenous application of SA decreased 

B. cinerea lesion size and the ein2-1 npr1 double mutant was more susceptible than the ein2-1 

single mutant (Ferrari et al., 2003). The transgenic line nahG, which degrades SA into catechol 

(Gaffney et al., 1993), displays a higher susceptibility to B. cinerea. Previous reports indicated 

that the expression of nahG in Arabidopsis leads to reduced ET and camalexin production, 

which are both important to fend off B. cinerea (Heck et al., 2003), thus explaining such 

phenotype. 

Interestingly, we found that basal resistance to B. cinerea is reduced in the fully 

insensitive SA mutant npr1-1 npr4-4D (Fig. 3C-D), indicating that the SA pathway contributes 

to resistance. However, we observe a residual, yet significant EE-induced SAR in npr1-1 

mutant. In line with this finding, expression of NHP biosynthetic genes and SAR regulatory 

genes is not fully abolished in npr1-1 mutant following Psm infection (Liu et al., 2020), 

suggesting that mild immune responses can still occur. On the contrary, EE-induced SAR was 

abolished in mutants impaired in local induction of SA following EE treatment (ics1, ics1 ics2, 

nahG) and in npr1-1 npr4-4D, which is completely blocked in Psm-induced SAR as well as in 

NHP and SAR gene expression (Liu et al., 2020). These results thus highlight the importance 

of SA for systemic immune responses against B. cinerea and Pst. 

Arabidopsis accumulates high SA levels in response to Pst infection (Vlot et al., 2009). 

Consistent with the SA requirement for SAR establishment, we found that inoculation of 

Arabidopsis local leaves with Pst is sufficient to induce systemic protection against B. cinerea. 

Whether a first inoculation with other SA-inducing pathogens can induce a similar SAR against 

B. cinerea would be interesting to test. However, a first infection with B. cinerea does not 

induce SAR against subsequent infection with Pst or B. cinerea (Govrin and Levine, 2002), 

showing the importance of local SA induction to establish SAR. 

 Our data support a role for the SA pathway in controlling B. cinerea infection. 

Since SA is known to control biotrophic pathogens, we postulate that it may target an early 
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biotrophic phase of this fungus. Indeed, phenotypic and transcriptomic analyses of Arabidopsis 

plants infected with B. cinerea isolates support a more intricate role of JA and SA pathways in 

resistance (Zhang et al., 2017). There is also growing evidence that the trophic lifestyle of B. 

cinerea is more plastic than previously thought (van Kan et al., 2014; Veloso and van Kan, 

2018) and this may explain why the SA pathway contributes to defence against this fungus. 

Since we found that ein2-1 and aos mutants are defective in EE-induced SAR but displayed a 

higher susceptibility to B. cinerea, as previously shown (Thomma et al., 1999), we postulate 

that, unlike SA, JA and ET pathways are not implicated in EE-induced SAR signalling but are 

rather important for basal and local resistance to this pathogen, after the initial biotrophic phase 

of infection. 

 Also, we demonstrate that EE-induced SAR against B. cinerea requires the NHP 

pathway, consistent with previous findings involving Pip in EE-induced SAR against Pst 

(Hilfiker et al., 2014). Pip was initially considered as being the key SAR signal (Návarová et 

al., 2012) but recent work has shown that NHP, is the actual SAR regulator (Chen et al., 2018; 

Hartmann et al., 2018). Indeed, exogenous application of Pip is sufficient to restore SAR against 

Psm in the Pip-deficient ald1 mutant, but not in fmo1 (Návarová et al., 2012). We also show 

that Pip complementation to ald1 is not sufficient to restore SAR against B. cinerea, but requires 

the EE pretreatment, implying an additional EE-derived signal. Infiltration of SA in 

replacement of EE did not reproduce SAR against B. cinerea in any of the genotypes tested 

(Supplemental Fig. 5C). Metabolite infiltration in leaves might artificially fill the apoplast with 

active compounds and potentially affect natural signalling in such long-distance defence 

responses. However, local expression of the SA-marker gene PR1 was induced, at least 4 h 

following SA infiltration, showing that plants are responsive to such treatments (Supplemental 

Fig. 5B). Consistently, previous SA infiltration and subsequent infection in the same leaves 

inhibit growth of Psm (Gruner et al., 2018). In addition, EE is applied once but remains for 5 

days on the leaves, during which PCs might be released and continuously induce SA-dependent 

responses compared to infiltration where SA remains in the apoplast for 4 h before infection. 

To mimic EE-induced SA accumulation more closely it would be interesting to infiltrate leaves 

every day during 4 days, in accordance with the kinetics of SA accumulation following EE 

treatment (Bruessow et al., 2010). Another signal involved in EE-induced SAR could be ET, 

whose biosynthetic genes are induced following P. brassicae oviposition (Little et al., 2007). 

In addition, cultured Arabidopsis cells emitted ET following application of EE (F. Bruessow, 

unpublished). To decipher a potential involvement of ET as EE-derived signal for EE-induced 

SAR establishment along with Pip, the use of an ein2-1 ald1 double mutant would be useful 
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and interesting to test. Contrastingly, exogenous application of NHP can restore SAR against 

Psm in both ald1 and fmo1 mutants, showing that NHP functions as the critical SAR regulator 

(Chen et al., 2018; Hartmann et al., 2018). Recently, it was shown that exogenous application 

of NHP triggers the upregulation of SAR-related genes in an NPR1-dependent manner, and 

primes plants for an enhanced defence metabolism activation (Yildiz et al., 2021). In line with 

this, it would be interesting to test whether exogenous application of NHP is able to restore EE-

induced SAR against B. cinerea in fmo1. 

 In conclusion, we show that P. brassicae eggs induce a SAR against B. cinerea, using 

common signalling mechanisms with egg-induced SAR against Pst (Hilfiker et al., 2014), 

involving both SA and NHP pathways.  
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MATERIALS AND METHODS 
 

Plant and Insect Growth Conditions 
 

Arabidopsis thaliana (Col-0) plants were sown in moist potting compost. After seed 

stratification for 2 days at 4°C, plants were grown for 4 weeks in growth chambers in short day 

conditions (10 h light/14 h dark), under 100 µmol m-2 s-1 of light, at 20-22°C and 65% relative 

humidity.  

 Lines used in this study: ald1 (Návarová et al., 2012), aos (Park et al., 2002), ein2-1 

(Guzman and Ecker, 1990), fmo1 (Mishina and Zeier, 2006), ics1 (sid2-1 allele) (Nawrath and 

Métraux, 1999), ics2 (Garcion et al., 2008), lecrk-I.8 (Gouhier-Darimont et al., 2013), mpk3-1 

(Wang et al., 2007), mpk6-2 (Liu and Zhang, 2004), nahG (Nawrath and Métraux, 1999), npr1-

1 (Cao et al., 1997), npr1-1 npr4-4D (Liu et al., 2020). All genotypes were in the Columbia 

(Col-0) background. The ics1-/- ics2+/- double mutant was obtained by crossing ics1 and ics2, 

and was genotyped using a CAPS marker for ics1 (Heck et al., 2003) and flanking primers for 

ics2 T-DNA knockout (Garcion et al., 2008). 

 A population of the Large White butterfly Pieris brassicae was maintained on Brassica 

oleracea var. gemmifera in a greenhouse at 24°C and 65% relative humidity (Reymond et al., 

2000). Spodoptera littoralis eggs were obtained from Syngenta (Stein AG, Switzerland). 

 

Oviposition and Treatment with EE and PCs 
 

For experiments with natural oviposition, 10-15 pots each containing two plants were placed in 

a 60 x 60 x 60 cm tent containing around 30 P. brassicae butterflies. After 24 h, eight plants 

containing one egg batch on each of two leaves were placed in a growth chamber for 4 days. 

Just before hatching, eggs were gently removed with a forceps and two distal leaves were 

infected with B. cinerea. Control plants were kept in the same conditions without butterflies. 

 For EE preparation, P. brassicae or S. littoralis eggs were crushed with a pestle in 

Eppendorf tubes. After centrifugation (14,000 g for 3 min), the supernatant (EE) was collected 

and stored at -20°C. For application, 2 x 2 µl of EE were spotted under the surface of each of 

two leaves on 4-6 plants. Plants were treated 5 days before B. cinerea infection. Untreated 

plants were used as controls. 

 For PC application, a PC-mix (purified from chicken egg, 840051, Avanti Polar Lipids, 

Alabaster, Alabama, USA) was solved in 1% DMSO, 0.5% Glycerol and 0.1% Tween 20 by 

sonication. 2 x 2 µl of PC (5 µg/µl), which constitutes the natural PC concentration in P. 
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brassicae EE (Stahl et al., 2020), were spotted under the surface of each of two leaves on 4-6 

plants. Control plants were treated with 1% DMSO, 0.5% Glycerol and 0.1% Tween 20. 

 

Culture of B. cinerea, Infection and Growth Assessment 
 

B. cinerea strain BMM, isolated from Pelargonium zonale (Zimmerli et al., 2001), was grown 

on 1X PDA (Potato Dextrose Agar, 39 g l-1, Difco) for 10-14 days in darkness at 23°C. Spores 

were harvested in water and filtered through wool placed in a 10 ml tip to remove hyphae. 

Spores were diluted in half-strength PDB (Potato Dextrose Broth, 12 g l-1, Difco) to a 

concentration of 5 x 105 spores ml-1 for inoculation. One 5 µl droplet of spore suspension was 

deposited on the adaxial surface of two leaves per plant. Inoculated plants were kept under a 

water-sprayed transparent lid to maintain high humidity in a growth chamber under dim light 

(around 2 µmol m-2 s-1) during the whole time of infection. Lesion size measurements were 

made using ImageJ software version 2.0.0-rc-65/1.51u (http://imagej.nih.gov/ij). 

 To visualize B. cinerea structures, inoculated leaves were stained with lactophenol-

trypan blue during 2 h at 37°C. Stained leaves were cleared in boiling 95% EtOH and stored in 

70% EtOH. Observation of B. cinerea hyphae was done using a Leica MZ16A 

stereomicroscope fitted with a DFC310FX camera (Leica Microsystems). Images were then 

analyzed with ImageJ.  

 To quantify B. cinerea growth, total RNA was extracted using a ReliaPrepTM RNA 

Tissue Miniprep System (Promega). For cDNA synthesis, 500 ng of total RNA was reverse-

transcribed using M-MLV reverse transcriptase (Invitrogen) in a final volume of 15.25 µl. Each 

cDNA sample was generated in triplicate and diluted eightfold with water. Quantitative real-

time PCR analysis was performed in a final volume of 20 µl containing 2 µl of cDNA, 0.2 µM 

of each primer, 0.03 µM of reference dye and 10 µl of Brilliant III Ultra Fast SYBR Green 

qPCR Master Mix (Agilent). Reactions were performed using an Mx3000P real-time PCR 

machine (Agilent) with the following program: 95°C for 3 min, then 40 cycles of 10 sec at 95°C 

and 20 sec at 60°C. Relative mRNA abundance of B.c. Tubulin was normalized to the 

housekeeping gene PUX1 (At3g27310) as described in Windram et al., 2012. The following 

primers were used: B.c. Tub (Broad MIT ID: BC1G_00122) forward: 5'-

TTCCATGAAGGAGGTTGAGG-3', reverse: 5'-TACCAACGAAGGTGGAGGAC-3'; PUX1 

(At3g27310) forward: 5'-AATGTTGCCTCCAATGTGTGA-3', reverse: 5'-

TTTTTACCGCCTTTTGGCTAC-3'. 
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Infiltration with Pseudomonas syringae 
 

Pseudomonas syringae pv. tomato DC3000 was streaked from a glycerol stock onto plate 

containing Luria Bertani (LB) medium with rifampicin 50 µg/ml. One day before infection, 

single colony from LB plate was inoculated into 5 ml of liquid LB medium with rifampicin 

1µl/ml and placed at 200 rpm, at 28°C over night (O/N). Two ml of O/N culture were transferred 

into a 2 ml Eppendorf tube and centrifuged at 7,000 rpm for 3 min. The pellet was re-suspended 

in 2 ml of 10 mM MgCl2. Bacterial concentration was adjusted to an OD600 of 0.0005. Two 

days before B. cinerea infection, two leaves per plant were infiltrated using a 1 ml needleless 

syringe until the leaves are wet and translucid. 
 

Exogenous Application of Pip 
 

One day prior to B. cinerea infection, 10 ml of a 1 mM D,L-Pip (Sigma-Aldrich) solution was 

pipetted onto each pot containing one plant. Control plants were supplemented with 10 ml of 

water.  

 

SA Quantification and Infiltration 

 

The biosensor bacteria Acinetobacter sp. ADPWH_lux (Huang et al., 2005) was used to 

quantify SA (DeFraia et al., 2008). Briefly, 6 leaf discs from 3 plants (2 leaf discs per plant) 

(0.7 cm, ca. 20 mg) were frozen, ground in liquid nitrogen and extracted in 0.1 M sodium acetate 

buffer (pH 5.6). Extracts were then centrifuged at 4 °C for 15 min at 16,000 g. About 50 μl of 

extracts were incubated with 5 μl of b-Glucosidase from almonds (0.5 U/μl in acetate buffer, 

Sigma- Aldrich) for 90 min at 37 °C to release SA from SA glucoside. Twenty ml of extract 

was then mixed with 60 μl of LB and 50 μl of a culture of Acinetobacter sp. ADPWH_lux 

(OD600=0.4), and incubated at 37°C for 60 min. Finally, luminescence was measured using a 

485 ± 10 nm filter for 1 s. A SA standard curve diluted in untreated ics1 extracts ranging from 

0 to 60 ng was read in parallel to allow quantification. SA amounts in samples were estimated 

by fitting a third-order polynomial regression on the standards.  

For SA infiltration, Col-0, ald1, fmo1, ics1 ics2 or the GUS reporter line PR1::GUS 

(Bruessow et al., 2010) were infiltrated with 0.25 or 0.5 mM solutions in the abaxial side of 

two leaves per plant with a 1 ml needleless syringe. H2O was infiltrated as control. After 4 h, 
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plants were harvested for GUS analysis (Bruessow et al., 2010) and SA quantification, or 

further infected with B. cinerea. 

 

Statistical analyses 

 

Data were analysed using R software version 3.5.2 (http://www.R-project.org). Normal 

distribution and variance homogeneity of data were evaluated with Shapiro-Wilk and Levene’s 

test, respectively. If not normal, data were log-transformed to ensure analyses with parametric 

tests. 

 To compare CTL vs EE within the same genotype in SAR bioassays, we used a linear 

mixed model fit by the restricted maximum likelihood (REML) algorithm (package “lme4” in 

R) using plant treatment as a fixed factor and experimental block as a random factor. 
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SUPPLEMENTAL DATA 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Supplemental Figure 1. B. cinerea hyphal growth. 
(A) Photographs of stained hyphae on control plants (top) and plants pretreated with EE (bottom, distal leaf), 2 
days post-inoculation. Scale bar: 200 µm. (B) Plants were pretreated with EE and hyphal growth was measured 2 
days after inoculation. Hyphae were stained by trypan blue and the surface of hyphae was quantified with ImageJ. 
Values shown are means ± SE of three independent experiments (n = 8-14 leaves per experiments). Significant 
differences between control and treated plants are indicated (linear mixed model, *** P<0.001). Dots indicate 
individual values. 
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Supplemental Figure 2. Time-course of EE-induced reduction of B. cinerea infection. 
(A) A solution of B. cinerea spores was deposited on untreated plants (CTL), on leaves distal to P. brassicae EE-
treated leaves, or on EE-treated leaves. White arrows indicate the application site of the EE. Photographs were 
taken 72 h after infection. (B) Lesion perimeter measurement of control leaves (CTL), EE-treated leaves and leaves 
distal from EE-treated plants. Means ± SE of three independent experiments are shown (n = 8-37 leaves per 
experiment). Different letters indicate significant differences at P<0.05 (two-way ANOVA followed by Tukey’s 
Honest Significant Difference test). Dots indicate individual values. 
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Supplemental Figure 3. PCs application reduces B. cinerea infection in local leaves. 
Lesion perimeter was measured in local leaves of plants pretreated for 5 days with either P. brassicae EE or a 
solution of PC-mix from chicken egg. Respective controls consisted of untreated plants (CTL) or plants treated 
with a mock solution (Mock). Means ± SE of three independent experiments are shown (n=16-24 leaves per 
experiment). Significant differences are indicated (linear mixed model, *** P<0.001). Dots indicate individual 
values. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Supplemental Figure 4. EE-induced SAR does not depend on ET and JA pathways. 
Plant genotypes were pretreated with P. brassicae EE for 5 days and further infected with B. cinerea for 3 days. 
Lesion perimeter was measured in control (CTL) and distal leaves from EE-treated plants (EE). Means ± SE of 
three independent experiments are shown (n = 6-8 leaves per experiment). Significant differences between CTL 
and treatment are indicated (linear mixed model, *** P<0.001; n.s., not significant). Dots indicate individual 
values. 
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Supplemental Figure 5. Exogenous SA infiltration does not trigger EE-induced SAR. 
(A) Infiltration of H2O and 0.5 mM SA in PR1::GUS reporter line. Black triangles indicate which half of the leaf 
was infiltrated. For SA infiltration, three representative images from different plants are shown. CTL, untreated. 
(B) Plant genotypes were infiltrated with H2O, 0.25 mM and 0.5 mM of SA in the abaxial surface of two leaves 
per plant for 4 h before SA quantification in local (infiltrated leaves) and distal leaves. Means ± SE of three 
independent experiments are shown (n = 6 leaves per experiment). The double mutant ics1 ics2 was homozygous 
for ics1 (-/-) and heterozygous for ics2 (-/+). Different letters indicate significant differences between treatments in 
local leaves at P<0.05 (ANOVA followed by Tukey’s Honest Significant Difference test). (C) H2O or 1 mM Pip 
solution was applied to the soil 24 h prior infection with B. cinerea for 3 days. H2O or 0.25 mM SA were infiltrated 
in two leaves per plant 4 h prior infection. Means ± SE of three independent experiments are shown (n = 6-12 
leaves per experiment). Different letters indicate significant differences at P<0.05 (ANOVA followed by Tukey’s 
Honest Significant Difference test). Dots indicate individual values. 
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ABSTRACT 
 

Tryptophan (Trp)-derived indolic metabolites are important for Arabidopsis immunity towards 

microbial pathogens. In Arabidopsis, bacteria-induced systemic acquired resistance (SAR) is 

accompanied by an activation of indolic metabolism. Here, we show that Pieris brassicae egg 

extract (EE)-induced SAR against the fungal necrotroph Botrytis cinerea requires indolic 

metabolism. Indeed, EE-induced SAR is abolished in cyp79b2 cyp79b3, a double mutant 

lacking all Trp-derived metabolites. More specifically, we found that EE-induced SAR is absent 

in cyp71a12 cyp71a13, pad3-1 and wrky33, which are mutants that lack camalexin, a metabolite 

important for plant immunity against several fungal pathogens, including B. cinerea. On the 

contrary, EE-induced SAR is conserved in various indolic mutants impaired in the biosynthesis 

of other Trp-derived metabolites, including indole glucosinolates and 4-hydroxy-indole-3-

carbonyl nitrile. However, camalexin accumulates to similar levels in response to B. cinerea, 

independently of EE pretreatment. In addition, we also show that camalexin accumulates 

normally in ald1 and ics1, both impaired in EE-induced SAR. Both findings raise the question 

of how this antifungal metabolite participates in EE-induced SAR. However, we unveil here a 

novel aspect of egg-induced SAR with an interesting connection to indolic metabolism. 
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INTRODUCTION 
 

In nature, plants are constantly challenged with numerous herbivores and microbial pathogens 

but complete colonisation by these invaders is usually rare, demonstrating the robustness of 

plant immunity, which mostly relies on secondary metabolism. Plant secondary metabolites 

constitute a large group of diversified molecules deployed in response to various biotic and 

abiotic stresses and thus essential for fitness (Piasecka et al., 2015; Erb and Kliebenstein, 2020).  

In Arabidopsis and other cruciferous plants, tryptophan (Trp)-derived indolic 

metabolism constitutes an important branch of plant immunity producing defence-relevant 

compounds, whose biosynthesis is activated by a broad range of pathogens and herbivores 

(Bednarek et al., 2011; Bednarek, 2012; Kettles et al., 2013). Trp is first converted to indole-3-

acetaldoxime (IAOx) by the redundant cytochrome P450 monooxygenases CYP79B2 and 

CYP79B3 (Hull et al., 2000; Mikkelsen et al., 2000). From IAOx, several branches diverge 

leading to the synthesis of indolic glucosinolates (GS), indole-3-carboxylic acids (ICAs), 

indole-3-carbonyl nitriles (ICNs), the indolic phytoalexin camalexin and the phytohormone 

indole-3-acetic acid (IAA) (Fig. 1A) (Zhao et al., 2002; Glawischnig et al., 2004; Bednarek et 

al., 2005; Bender and Celenza, 2009; Rajniak et al., 2015). Consequently, the Arabidopsis 

cyp79b2 cyp79b3 double mutant (cyp79b2/b3) is completely devoid of all Trp-derived 

metabolites and is highly susceptible to pathogens (Sanchez-Vallet et al., 2010; Schlaeppi et 

al., 2010; Frerigmann et al., 2016). 

GS are amino acid-derived nitrogen- and sulfur-containing thioglucosides specific to 

the Brassicales order (Halkier and Gershenzon, 2006). They are present constitutively and are 

thus classified as phytoanticipins. Arabidopsis accumulates two main classes of GS, 

methionine-derived aliphatic GS and Trp-derived indolic GS, which are chemically stable and 

inactive metabolites stored in vacuoles. Plants containing GS also possess specific 

thioglucosidases termed myrosinases, stored in different cellular compartment, which upon 

tissue disruption (for instance by herbivore feeding) release the glucose moiety leading to 

spontaneous rearrangement of the aglucone generating toxic thiocyanates, isothiocyanates or 

nitriles (Bones and Rossiter, 2006). In addition to their role as anti-herbivore compounds 

(Schlaeppi et al., 2008; Müller et al., 2010), indolic GS breakdown products display 

antimicrobial activity against fungal and oomycete pathogens (Bednarek et al., 2009; Sanchez-

Vallet et al., 2010; Schlaeppi et al., 2010). GS biosynthesis is regulated by several transcription 

factors from the MYB family. MYB28 and MYB29 regulate genes involved in aliphatic GS 

biosynthesis while MYB34, MYB51 and MYB122 regulate biosynthesis of indolic GS 
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(Mitreiter and Gigolashvili, 2021). Consequently, myb28 myb29 double mutant (myb28/29) and 

myb34 myb51 myb122 triple mutant (tmyb) are devoid of aliphatic and indolic GS, respectively 

(Beekwilder et al., 2008; Frerigmann and Gigolashvili, 2014). 

 In leaves, IAOx is dehydrated by the two monooxygenases CYP71A12 and CYP71A13 

to generate indole-3-acetonitrile (IAN), a key intermediate in the biosynthesis of ICAs and 

camalexin (Nafisi et al., 2007; Böttcher et al., 2014). Camalexin is the most abundant 

phytoalexin in Arabidopsis (Glawischnig, 2007) and has been shown to accumulate to high 

levels in leaves in response to infection by the bacterial pathogen Pseudomonas syringae, the 

fungal pathogens Botrytis cinerea and Alternaria brassicicola as well as in response to abiotic 

stresses such as UV or silver nitrate treatments (Tsuji et al., 1992; Thomma et al., 1999; Ferrari 

et al., 2003; Müller et al., 2015). However, camalexin accumulation is not restricted to leaves, 

as roots infected with the oomycete Pythium sylvaticum or treated with the bacterial flagellin-

derived 22-amino acid elicitor flg22 also induce camalexin biosynthesis (Bednarek et al., 2005; 

Millet et al., 2010; Koprivova et al., 2019). CYP71A13 shares 89% identity on the amino acid 

level with CYP71A12 and have both been shown to convert IAOx to IAN in vitro (Nafisi et al., 

2007; Klein et al., 2013). Upon pathogen infection and abiotic stresses, camalexin accumulation 

is reduced by ~80% in cyp71a13 mutant compared to Col-0 (Nafisi et al., 2007), whereas the 

cyp71a12 cyp71a13 double mutant (cyp71a12/a13) is completely lacking camalexin, showing 

that CYP71A12 is also contributing to camalexin biosynthesis in a minor way (Müller et al., 

2015). During camalexin biosynthesis, IAN is conjugated with glutathione and subsequently 

with cysteine to generate dihydrocamalexin (Parisy et al., 2007; Geu-Flores et al., 2011). 

PHYTOALEXIN DEFICIENT 3 (PAD3) codes for a cytochrome P450 enzyme (also known as 

CYP71B15) that catalyses the last two steps of camalexin biosynthesis from dihydrocamalexin 

(Zhou et al., 1999; Schuhegger et al., 2006; Böttcher et al., 2009). Accordingly, the pad3-1 

mutant is completely lacking camalexin and is highly susceptible to fungal pathogens such as 

B. cinerea (Ferrari et al., 2007; Chassot et al., 2008). Camalexin biosynthesis is regulated by 

the transcription factor WRKY33, which is itself activated via phosphorylation by the 

pathogen-responsive mitogen-activated protein kinases 3 and 6 (MPK3/MPK6) (Ren et al., 

2008; Mao et al., 2011). It has been demonstrated that WRKY33 binds to the promoter of 

camalexin biosynthetic genes such as CYP71A13 and PAD3 (Qiu et al., 2008). The wrky33 

mutant is devoid of camalexin in the early phase of B. cinerea infection but can accumulate 

even more camalexin than Col-0 48 h after the infection (Birkenbihl et al., 2012). 

 ICA and indole-3-carbaldehyde (ICHO) are other IAN-derived metabolites that 

accumulate in response to pathogen attacks (Hagemeier et al., 2001; Bednarek et al., 2005; 
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Stahl et al., 2016). A biosynthetic route involving CYP71B6 and ARABIDOPSIS ALDEHYDE 

OXIDASE 1 (AAO1) has been described (Böttcher et al., 2014). However, the Arabidopsis 

double mutant cyp71b6 aao1 still accumulates ICHO and ICA in response to abiotic stresses 

such as silver nitrate and UV light treatments (Müller et al., 2019), suggesting multiple origins 

of these metabolites. Consequently, the role of ICHO and ICA in plant immunity is difficult to 

assess, although a function in post-invasive immunity was recently described in response to 

fungal pathogens (Pastorczyk et al., 2020; Kosaka et al., 2021). 

 Another route from IAOx has been described, involving CYP71A12, processing IAOx 

to generate the intermediate indole cyanohydrin, that is then metabolised by FLAVIN-

DEPENDENT OXIDOREDUCTASE 1 (FOX1) leading to ICN formation and further 

hydroxylated by CYP82C2 to produce 4-OH-ICN, which contributes to disease resistance in 

response to P. syringae (Rajniak et al., 2015). However, ICNs are highly unstable and hydrolyse 

to ICA in aqueous or methanolic solutions, therefore contributing to the pool of ICA induced 

during pathogen infection (Fig. 1A) (Rajniak et al., 2015). 

 Activation of indolic metabolism is not only restricted to the site of infection. In P. 

syringae-infected Arabidopsis, the accumulation of ICHO, ICA and indole-3-ylmethylamine 

(I3A) could also be observed in uninfected systemic tissue (Stahl et al., 2016). Moreover, the 

pathogen-induced biosynthesis of camalexin, I3A and ICA is primed by exogenous application 

of the SAR signal pipecolic acid (Pip) (Návarová et al., 2012; Stahl et al., 2016), suggesting a 

connection between indolic metabolism and SAR. 

We showed in Chapter 1 that Pieris brassicae oviposition and treatment with egg extract 

(EE) induce a SAR against B. cinerea. EE-induced SAR establishment requires functional egg 

detection mechanisms as well as intact salicylic acid (SA) and N-hydroxy-Pip (NHP) signalling 

pathways, but connection with defence-relevant components was not discussed. P. brassicae 

oviposition and EE treatment activate several genes involved in Trp pathway and indolic 

metabolism (Little et al., 2007; Stahl et al., 2020). Here, we focus on the metabolic actor of EE-

induced SAR by using several Arabidopsis mutants impacted in various branches of the indolic 

metabolism. We show that camalexin is required to establish EE-induced SAR and that this 

compound is highly toxic in vitro to the B. cinerea strain used in this study.  
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RESULTS 
 

EE-induced SAR relies on camalexin accumulation 
 

Trp-derived indolic metabolites are important for Arabidopsis immunity and we tested whether 

they are involved in EE-induced SAR against B. cinerea. The cyp79b2/b3 double mutant is 

blocked in the conversion of Trp to IAOx, a central molecule from which several indolic 

metabolites derive, including indolic GS, IAN and ICN (Fig. 1A). Strikingly, EE-induced SAR 

was abolished in cyp79b2/b3 (Fig. 1B), suggesting that at least one or several indolic 

compounds are required to establish EE-induced SAR against B. cinerea. Furthermore, the 

mutant was more susceptible to B. cinerea infection in absence of EE pretreatment, confirming 

that Trp-derived metabolites are important for basal resistance against fungal pathogens and 

indicate a connection of indole metabolism and SAR.  

 Indolic GS have been implicated in Arabidopsis immunity against bacterial and fungal 

pathogens, including B. cinerea (Bednarek et al., 2009; Clay et al., 2009; Xu et al., 2016). To 

test their possible involvement in EE-induced SAR, we quantified indolic and aliphatic GS in 

Col-0 plants after EE treatment and/or B. cinerea infection. No significant differences were 

observed in control and treated plants over a time-course from 12 h to 48 h after inoculation, 

indicating that neither EE nor B. cinerea induced GS accumulation (Supplemental Fig. 1). To 

further test the role of GS in EE-induced SAR, we used a myb34 myb51 myb122 triple mutant 

(tmyb), which is completely devoid of indolic GS (Supplemental Fig. 2) (Frerigmann and 

Gigolashvili, 2014) and a myb28/29 double mutant, lacking aliphatic GS (Beekwilder et al., 

2008). EE-induced SAR was conserved in both mutants (Fig. 1C), confirming that both GS 

classes are not involved in this response. 

 4-OH-ICN is another IAOx-derived metabolite with antimicrobial activity (Rajniak et 

al., 2015). It is produced in several steps that start by a CYP71A12-catalysed oxidation which 

generates indole cyanohydrin, an unstable compound that is then processed by FOX1 to 

generate ICN which is then finally hydroxylated by CYP82C2 (Fig. 1A). To test the 

involvement of 4-OH-ICN in our response, we used mutants impaired in every biosynthetic 

steps. We found that cyp71a12, fox1 and cyp82c2-2 mutants were not compromised in EE-

induced SAR, thus discarding 4-OH-ICN as a SAR component (Fig. 1E). 
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Figure 1. EE-induced SAR requires Trp-derived indolic metabolism. 
(A) Simplified scheme of biosynthesis of tryptophan derivatives and position of biosynthesis (red) and regulatory 
(blue) genes tested in this study. Brackets indicate an unstable intermediate. Several arrows indicate multiple steps. 
L-Trp, tryptophan; IAOx, indole-3-acetaldoxime; IAN, indole-3-acetonitrile; ICN, indole carbonyl nitrile; 4-OH-
ICN, 4-hydroxy-ICN; ICHO, indole-3-carbaldehyde; ICA, indole-3-carboxylic acid. (B-F) Plant genotypes were 
pretreated with P. brassicae EE for 5 days and further infected with B. cinerea for 3 days. Lesion perimeter was 
measured in control (CTL) and distal leaves from EE-treated plants (EE). Means ± SE of three independent 
experiments are shown (n = 8-21 leaves per experiment). Significant differences between control and treated plants 
are indicated (linear mixed model, *** P<0.001, * P<0.05; n.s., not significant). Dots indicate individual values. 
tmyb = myb34 myb51 myb122. 
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 IAOx is further metabolized by CYP71A12 and CYP71A13 to generate IAN, from 

which camalexin, ICHO and ICA diverge (Fig. 1A). The cyp71a12/a13 double mutant is fully 

deficient in camalexin production (Müller et al., 2015). EE-induced SAR was drastically 

reduced in cyp71a12/a13 (Fig. 1D). This mutant was also significantly more susceptible to B. 

cinerea infection, suggesting that metabolites downstream of IAN are important for basal 

resistance to B. cinerea and to mount SAR. Although ICA and its precursor ICHO can derive 

from various sources, a metabolic route from IAN catalysed by CYP71B6 and AAO1 has been 

described (Böttcher et al., 2014). EE-induced SAR was conserved in the cyp71b6 aao1 double 

mutant (Fig. 1F). Furthermore, we found that basal resistance of cyp71b6 aao1 was increased 

(Fig. 1F). Finally, we tested the involvement of camalexin, which is known to inhibit B. cinerea 

growth. The pad3-1 and wrky33 mutants, which lack camalexin, displayed an increased 

susceptibility to B. cinerea and were fully defective in EE-induced SAR (Fig. 1E), suggesting 

a crucial role of camalexin for EE-induced SAR establishment.  

 To further confirm camalexin involvement in EE-induced SAR, we quantified 

camalexin in most of the indolic mutants used. We found that the cyp71a12/a13 double mutant 

and pad3-1 mutant were completely lacking camalexin (Fig. 2A-B), consistent with previous 

studies (Glazebrook and Ausubel, 1994; Müller et al., 2015) and correlating with the absence 

of EE-induced SAR in these mutants (Fig. 1D-E). On the contrary, camalexin induction 

following B. cinerea infection was comparable to Col-0 in the tmyb and cyp71a12 mutants, in 

which EE-induced SAR was conserved (Fig. 2C). Furthermore, the cyp71b6 aao1 double 

mutant accumulated significantly more camalexin in response to B. cinerea 48 h after infection 

(Fig. 2D), correlating with the increased basal resistance and the stronger EE-induced SAR 

observed in this double mutant (Fig. 1F). Together, these results show that EE-induced SAR 

establishment against B. cinerea requires camalexin accumulation.  
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Figure 2. Camalexin accumulation in indolic mutants. 
(A-D) Local leaves were left untreated (CTL) or pretreated with P. brassicae EE for 5 days (EE) and distal leaves 
were further inoculated with B. cinerea spore suspension (B.c.) or a mock solution (Mock) for 24 h and 48 h. 
Camalexin levels were measured in distal leaves. Means ± SE of three independent experiments are shown (n = 
10-12 leaves per experiment). Different letters indicate significant difference at P<0.05 (ANOVA followed by 
Tukey’s Honest Significant Difference test. tmyb = myb34 myb51 myb122. 
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EE pretreatment does not affect camalexin accumulation 
 

We showed that camalexin accumulated in response to B. cinerea infection (Fig. 2). 

Interestingly, camalexin accumulated to even higher levels in EE-treated local leaves, while the 

induction was completely absent in distal leaves of EE-treated plants (Fig. 3A). Fungal 

pathogens are highly susceptible to camalexin (Pedras et al., 2011). To confirm this with the B. 

cinerea isolate used in this study, we monitored its mycelial growth in presence of purified 

camalexin in vitro. Camalexin displayed direct antifungal activity against B. cinerea in a dose-

dependent manner (Fig. 3B). Camalexin completely inhibited B. cinerea growth at a 

concentration of 40 µg/ml, consistent with previous findings (Ferrari et al., 2003).  

 

 
Figure 3. Camalexin accumulates in local EE-treated leaves and is toxic to B. cinerea in vitro. 
(A) Col-0 plants were treated with P. brassicae EE for 3 days and 5 days or left untreated. Camalexin levels were 
measured in untreated leaves (CTL), EE-treated leaves (Local) and leaves systemic from EE-treated leaves 
(Distal). Means ± SE of three independent experiments are shown (n = 10-12 leaves per experiments). Different 
letters indicate significant difference at P< 0.05 (ANOVA followed by Tukey’s Honest Significant Difference 
test). (B) In vitro growth inhibition assay. Radial growth of a B. cinerea colony growing on PDA plates 
supplemented with different concentrations of camalexin was measured after 24 h of incubation. Means ± SE of 
three independent experiments are shown (n = 12 measures per experiment). 
 

 

 B. cinerea spores start to germinate and induce the first lesion in a range time of 12 h to 

18 h following leaves inoculation (Windram et al., 2012). We thus decided to measure the early 

Arabidopsis responses to B. cinerea 12 h post-infection. We first monitored the expression of 

camalexin biosynthesis genes in Col-0 and in the Pip-deficient mutant ald1. Expression of 

PAD3 was also slightly primed by EE pretreatment in a NHP-dependent manner 12 h and 24 h 

post-infection (Fig. 4), although this was not corroborated by the analysis of camalexin 
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accumulation. CYP71A13 expression was primed by EE pretreatment 24 h post-infection, 

although this result was observed in two independent experiments out of three (one experiment 

is shown in Fig. 4). WRKY33, which is a positive regulator of PAD3 and CYP71A13 gene 

expression, was not primed but rather induced systemically in response to EE 12 h following 

leaf infection, and this was also defective in ald1. In addition, we measured the expression of 

atrB, a B. cinerea gene coding for an ABC transporter that has been shown to export camalexin 

and therefore considered as a virulence factor (Stefanato et al., 2009). Interestingly, atrB was 

significantly more induced in B. cinerea present on Col-0 plants previously treated with EE 

compared to control plants, but only 24 h post-infection, in accordance with the development 

of B. cinerea during plant infection (Windram et al., 2012). This effect was not observed when 

B. cinerea was inoculated on ald1 plants (Fig. 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Expression of camalexin biosynthesis genes. 
Local leaves were left untreated (CTL) or pretreated with P. brassicae EE for 5 days (EE) and distal leaves were 
further inoculated with B. cinerea spore suspension (B.c.) or a mock solution (Mock) for 12 h and 24 h post-
infection (hpi). Gene expression was monitored in distal leaves. Means ± SE of three technical replicates of one 
experiment are shown (n = 10-12 leaves per experiment). This experiment was repeated twice with similar results. 
Different letters indicate significant difference at P< 0.05 (ANOVA followed by Tukey’s Honest Significant 
Difference test). 
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 We then decided to quantify camalexin in response to EE treatment and/or B. cinerea 

infection after 12 h and 24 h post-infection in Col-0 and in the SAR-deficient mutants ald1 and 

ics1. We found a slight EE-induced priming of camalexin accumulation in Col-0 12 h post-

infection (Fig. 5A). Interestingly, this increased camalexin accumulation in EE-pretreated 

plants was abolished in ald1, suggesting an involvement of the NHP pathway (Fig. 5A). 

However, this response was not consistent throughout the 24 h time course of B. cinerea 

infection and was not found in ics1 mutant, where camalexin accumulated at similar levels 

between B. cinerea-infected plants previously treated with EE or not (Fig. 5A-B). Camalexin 

is secreted at the leaf surface where it inhibits growth of B. cinerea (Khare et al., 2017; He et 

al., 2019). To investigate whether EE pretreatment may enhance camalexin secretion, we 

quantified camalexin at the leaf surface of Col-0 and ald1, 12 and 24 h after inoculation. 

However, no substantial difference in camalexin secretion was observed between EE-treated 

and control plants, and between genotypes (Fig. 5C). 
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Figure 5. Camalexin accumulation after EE and B. cinerea treatment. 
Local leaves were left untreated (CTL) or pretreated with P. brassicae EE for 5 days (EE) and distal leaves were 
further inoculated with B. cinerea spore suspension (B.c.) or a mock solution (Mock) for 12 h and 24 h. Camalexin 
levels were measured in distal leaves of ald1 (A) and ics1 (B). Means ± SE of three independent experiments are 
shown (n = 10-12 leaves per experiment). Different letters indicate significant difference at P<0.05 (ANOVA 
followed by Tukey’s Honest Significant Difference test. (C) Leaf surface camalexin. Local leaves were left 
untreated (CTL) or pretreated with P. brassicae EE for 5 days (EE) and distal leaves were further inoculated with 
B. cinerea spore suspension (B.c.) or a mock solution (Mock) for 12 h and 24 h. Means ± SE of three independent 
experiments are shown (n = 8 leaves per experiment). Different letters indicate significant difference at P< 0.05 
(ANOVA followed by Tukey’s Honest Significant Difference test). 
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DISCUSSION 
 

Previously, EE-induced SAR against the pathogenic bacteria P. syringae was associated with a 

stronger induction of defence gene expression, but no link with specific metabolic pathway was 

established (Hilfiker et al., 2014). Bacterial SAR activation was associated with a strong 

induction of indolic metabolism, although this was described as being a consequence and not 

the cause for SAR activation (Stahl et al., 2016). However, we discovered here a crucial role of 

camalexin, an indolic phytoalexin derived from Trp metabolism, in EE-induced SAR 

establishment against B. cinerea. Most of the indolic mutants tested in this study display a 

functional EE-induced SAR, in the exception of camalexin-deficient mutants, such as 

cyp79b2/b3, cyp71a12/a13, pad3-1 and wrky33, indicating an important role of this metabolite 

for this response. The other indolic mutants tested are impacted in several distinct branches of 

the indolic pathway, such as GS and 4-OH-ICN but accumulate wild-type levels of camalexin, 

and thus activate SAR against B. cinerea. Metabolite profiles of these lines greatly vary among 

studies depending on the stimuli or pathogens employed. In response to P. syringae pv. 

maculicola (Psm) infection, the indolic GS tmyb mutant accumulates less camalexin, although 

it is not impaired in SAR activation (Stahl et al., 2016). Moreover, in response to UV light 

treatment, camalexin levels are reduced in tmyb, and this can be partially rescued when plants 

are exogenously supplied with IAOx or IAN (Frerigmann et al., 2015). However, in our study, 

tmyb accumulated wild-type levels of camalexin in response to B. cinerea and was not impacted 

in EE-induced SAR. These results indicate that MYB transcription factors are important for 

camalexin biosynthesis depending on the experimental conditions but that they are not required 

for EE-induced SAR activation. 

WRKY33 is a transcription factor known for regulating expression of camalexin 

biosynthesis genes (Mao et al., 2011). In addition, WRKY33 has been shown to be involved in 

SAR activation, by regulating the expression of ALD1 and therefore inducing the NHP pathway 

(Wang et al., 2018). Consequently, wkry33 mutant is SAR-deficient (Wang et al., 2018). We 

show here that wrky33 is highly susceptible to B. cinerea infection, like cyp79b2/b3 double 

mutant and is impaired in EE-induced SAR. WRKY33 positively regulate genes involved in 

the biosynthesis of several indolic metabolites, including CYP79B2/B3 (Barco and Clay, 2020), 

AAO1 (Liu et al., 2015) as well as FOX1 and CYP82C2 (Barco et al., 2019). Consistently, 

wrky33 accumulates reduced levels of camalexin and 4-OH-ICA, the aqueous degradation 

product of 4-OH-ICN, which has been shown to contribute to disease resistance towards P. 

syringae and B. cinerea (Rajniak et al., 2015). However, fox1 and cyp82c2-2 mutants, impaired 
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in ICN and 4-OH-ICN biosynthesis, respectively, were not more sensitive to B. cinerea 

infection (Fig. 1E), suggesting that they do not contribute to basal resistance, at least towards 

the B. cinerea strain used in our study. However, the amplitude of EE-induced SAR is slightly 

reduced in cyp71a12, fox1 and cyp82c2-2 mutants, which suggests a minor contribution of 4-

OH-ICN in this response or simply depicts some variation among different experiments. 

Moreover, WRKY33 has been shown to negatively regulate SA and wrky33 mutant 

accumulates more SA than Col-0 in response to B. cinerea (Birkenbihl et al., 2012), which 

could impact JA levels according to the hormonal crosstalk of these metabolites (Pieterse et al., 

2009). Collectively, the loss of these responses in wrky33 possibly contributes to its high 

susceptibility towards B. cinerea.  

Interestingly, EE-induced SAR is abolished in pad3-1, which is defective in the last two 

steps of camalexin biosynthesis (Böttcher et al., 2009), indicating that camalexin is necessary 

for this response. Indeed, no other functions has been attributed for PAD3, suggesting that the 

only metabolite lacking in pad3-1 is camalexin. However, since some P450 enzymes have been 

shown to catalyse several reactions from similar substrates, it is possible that PAD3 catalyses 

other reactions generating yet unknown metabolites. Camalexin is known to be detrimental to 

pathogenic bacteria and fungi by disrupting membrane integrity (Rogers et al., 1996). We 

confirm the high toxicity of camalexin towards our B. cinerea strain, as reported previously 

(Chassot et al., 2008). SAR is usually accompanied by a more robust activation of defence upon 

secondary infection, a process termed priming (Mauch-Mani et al., 2017). Priming of defence-

relevant gene expression and metabolite accumulation has been observed in Arabidopsis 

previously (Návarová et al., 2012; Hilfiker et al., 2014). Pretreatment with EE leads to a 

significantly higher PAD3 and CYP71A13 expression upon secondary infection, which is 

abolished in the SAR-deficient ald1 mutant (Supplemental Fig. 5). However, camalexin 

accumulation does not correlate with gene expression data, although a slight increase is 

observed 12 h post-infection (Fig. 2B). This effect was hardly reproducible in another 

experiment (Fig. 2C) and is not observed at later timepoints. Also, although significantly higher, 

camalexin levels 12 h post-infection are not substantial and probably not elevated enough to 

explain the reduced B. cinerea growth in systemic leaves of EE-treated plants.  

Fungal pathogens usually detoxify antifungal compounds from various nature by active 

export or by biochemical modifications (Pedras and Ahiahonu, 2005). The B. cinerea gene atrB 

codes for an ABC transporter that can export phytoalexins such as camalexin and resveratrol 

from Arabidopsis and grapevine, respectively (de Waard et al., 2006; Stefanato et al., 2009). 

Interestingly, atrB is more induced when B. cinerea infects EE-treated plants compared to 
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untreated plants, and this is not observed in EE-treated ald1 plants. This suggests that B. cinerea 

may face a higher concentration of antifungal metabolites in EE-treated Col-0 plants. However, 

this does not correlate with an increased accumulation of camalexin since it would have been 

detected in our protocol where whole infected leaves are harvested. Also, if B. cinerea can 

export more camalexin or other compounds and therefore be more virulent, lesion sizes would 

be logically higher in EE-treated plants, which was also not observed. On the other hand, 

reduced growth in EE-treated plants could potentially result from the high energy costs spent 

in such reactions. Finally, it is possible that B. cinerea exports through atrB other unidentified 

compounds without any functions for SAR activation and therefore results in increased 

expression of this gene. Pathogenic fungi can detoxify plant defence compounds by several 

ways that include hydrolysis, oxidation and reduction but also glycosylation (Pedras and 

Abdoli, 2017). It is possible that B. cinerea detoxifies excess amounts of camalexin resulting 

from an EE-induced priming, therefore escaping detection, but again, this would have most 

likely resulted in increased B. cinerea virulence, which is not observed. Alternatively, 

camalexin might be metabolised in planta to other non-quantified antifungal compounds and 

this process would be increased by EE pretreatment. Further experiments will be needed to test 

this hypothesis. 

After being synthesised in the cytoplasm (Mucha et al., 2019), camalexin is secreted at 

the leaf surface by the transporters PEN3 and PDR12 for resistance against B. cinerea (He et 

al., 2019). We observe a slight priming of camalexin levels at the surface of leaves which is 

abolished in ald1, but the increase is very low and again, probably not high enough to explain 

growth reduction. Interestingly, it was found that the susceptibility of pen3 pdr12 double mutant 

to B. cinerea was higher than pad3 but comparable to cyp79b2/b3 double mutant, suggesting 

that these transporters can mediate the secretion of other metabolites than camalexin, most 

likely other Trp-derived compounds (He et al., 2019). However, whether such unidentified 

metabolites are more abundant at the leaf surface and contribute to B. cinerea growth reduction 

during EE-induced SAR is unknown. It would be interesting to test whether EE-induced SAR 

is conserved in the pen3 pdr12 double mutant. 

Interestingly, we observe a substantial accumulation of camalexin in local leaves treated 

with EE for three and five days. This might explain the rapid reduction of B. cinerea growth 

observed in local EE-treated leaves (Chapter 1, Supplemental Fig. 2). Since EE treatment 

induces local accumulation of SA (Bruessow et al., 2010), one could reason that SA is involved 

in camalexin regulation. We however found that the SA-deficient mutant ics1 accumulates 

wild-type levels of camalexin in response to B. cinerea, independently of EE pretreatment. This 
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confirms previous results showing that SA-deficient mutants normally accumulate camalexin 

(Nawrath and Métraux, 1999). Consistent with this, transcriptome analyses revealed that PAD3 

was still induced in systemic leaves of SAR-induced ics1 plants (Bernsdorff et al., 2016). We 

showed in Chapter 1 (Fig. 3) that npr1-1 and npr1-1 npr4-4D mutants, which are blocked in 

SA signalling, displayed enhanced basal susceptibility to B. cinerea and were impacted in EE-

induced SAR. Furthermore, exogenous watering with the SAR signal NHP primed plants for 

enhanced camalexin accumulation, and this process was shown to be NPR1-dependent (Yildiz 

et al., 2021). In line with this, it would be interesting to quantify camalexin accumulation in 

response to EE pretreatment and B. cinerea infection in these mutants. Also, the pathogen-

responsive kinases MPK3 and MPK6 have been shown to be involved in camalexin regulation 

(Ren et al., 2008). Interestingly, EE treatment also induces sustained activation of MPK3/6 (C. 

Gouhier-Darimont, unpublished), which could explain the high levels of camalexin in local EE-

treated leaves. 

In conclusion, we show that EE-induced SAR relies on camalexin, although 

accumulating levels in infected leaves or specifically at the leaf surface are not different 

between control and EE-pretreated plants. Furthermore, camalexin accumulates similar to Col-

0 in the SAR-deficient mutants ald1 and ics1, impaired in NHP and SA production, 

respectively. Thus, how EE pretreatment induces B. cinerea growth inhibition through 

camalexin remains to be elucidated. 
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MATERIALS AND METHODS 
 

Plant and Insect Growth Conditions 

 

Arabidopsis thaliana (Col-0) plants were sown in moist potting compost. After seed 

stratification for 2 days at 4°C, plants were grown for 4 weeks in growth chambers in short day 

conditions (10 h light/14 h dark), under 100 µmol m-2 s-1 of light, at 20-22°C and 65% relative 

humidity. 

 Lines used in this study: ald1 (Návarová et al., 2012), cyp71a12 (Millet et al., 2010), 

cyp71a12 cyp71a13 (Müller et al., 2015), cyp71b6 aao1 (Müller et al., 2019), cyp79b2 cyp79b3 

(Zhao et al., 2002), cyp82c2-2 (Rajniak et al., 2015), fox1 (Rajniak et al., 2015), ics1 (sid2-1 

allele) (Nawrath and Métraux, 1999), myb28 myb29 (Beekwilder et al., 2008), myb34 myb51 

myb122 (tmyb) (Frerigmann and Gigolashvili, 2014), pad3-1 (Glazebrook and Ausubel, 1994), 

wrky33 (Birkenbihl et al., 2012). All genotypes were in the Columbia (Col-0) background. 

 A population of the Large White butterfly Pieris brassicae was maintained on Brassica 

oleracea var. gemmifera in a greenhouse at 24°C and 65% relative humidity (Reymond et al., 

2000). 

 

Treatment with EE 

 

For EE preparation, P. brassicae eggs were crushed with a pestle in Eppendorf tubes. After 

centrifugation (14,000 g for 3 min), the supernatant (EE) was collected and stored at -20°C. For 

application, 2 x 2 µl of EE were spotted under the surface of each of two leaves on at least 4-6 

plants per independent experiment. Plants were treated 5 days before B. cinerea infection. 

Untreated plants were used as controls. 

 

Culture of B. cinerea, Infection and Growth Assessment 

 

B. cinerea strain BMM (Zimmerli et al., 2001) was grown on 1X PDA (Potato Dextrose Agar, 

39 g l-1, Difco) for 10-14 days in darkness at 23°C. Spores were harvested in water and filtered 

through wool placed in a 10 ml tip to remove hyphae. Spores were diluted in half-strength PDB 

(Potato Dextrose Broth, 12 g l-1, Difco) to a concentration of 5 x 105 spores ml-1 for inoculation. 

One 5 µl droplet of spore suspension was deposited on the adaxial surface of two leaves per 

plant. Inoculated plants were kept under a water-sprayed transparent lid to maintain high 



 76 

humidity in a growth chamber under dim light (around 2 µmol m-2 s-1) during the whole time 

of infection. Lesion size measurements were made using ImageJ software version 2.0.0-rc-

65/1.51u (http://imagej.nih.gov/ij). Data were analyzed with a linear mixed model fit by the 

restricted maximum likelihood (REML) algorithm (package ‘lme4’ in R, http://www.R-

project.org). 

 

Determination of Antifungal Activity 

 

Camalexin (Glixx Laboratories, Hopkinton, USA) was dissolved in dimethylsulfoxide (DMSO) 

before use. Round plugs with a diameter of 0.5 cm were taken from a 7-days-old B. cinerea 

culture on 1X PDA and transferred to 6-well plates supplemented with different concentration 

of camalexin. Control plates contained 0.1% DMSO. For each concentration, radial growth of 

the fungal colony was measured on 2 plates (n=12) after 24 h of incubation at 23 °C in darkness. 

Mycelial growth inhibition (MGI) was calculated using the following formula: MGI % = [(C-

T)/C] X 100 where C is the average colony diameter on control plates and T is the average 

colony diameter on treated plates. This experiment was done three times (different B. cinerea 

cultures). 

 

Metabolite Analyses 

 

For indolic compounds analyses, between 10 and 12 leaves (two leaves per plant) were 

harvested per time point and per treatment. Leaves were then pooled, frozen and ground with a 

pestle and mortar in liquid nitrogen. One hundred milligrams of frozen leaf powder were placed 

in a 1.5 ml Eppendorf tube and 500 µl of extraction buffer (80% methanol, 19.5% water and 

0.5% formic acid) were added. After centrifugation (3 min at 14,000 g), 200 µl were disposed 

in vials. Camalexin was measured using ultra-high-performance liquid chromatography 

coupled to tandem mass spectrometry (UHPLC-MS/MS) according to (Balmer et al., 2018) and 

indolic GS by quadrupole time-of-flight mass spectrometry (UHPLC-QTOFMS) according to 

(Glauser et al., 2012). 

 For analysis of leaf surface camalexin, B. cinerea-infected or mock-treated leaves were 

immerged in 80% MeOH (2 mL/2 leaves) in 6-well plates and gently rotated for 30 sec. The 

solvent was collected in Eppendorf tubes and evaporated using a speed vac. The pellet was 

resuspended in 200 µl of 80% MeOH and transferred to vials for further LC-MS analysis. 

Quantification of camalexin was done according to (Balmer et al., 2018). Values were 
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normalized to the leaf surface and expressed as µg/cm2. A total of 8 leaves (2 leaves from 4 

plants) was used for each independent experiment. 

 The protocol for GS analysis was described earlier (Glauser et al., 2012). Briefly, 200 

mg of frozen leaf powder were placed in 15 ml tube. Two ml of ice cold 70% MeOH and 15 µl 

of a solution of sinalbin (internal standard) were added immediately. After homogenization for 

30 s, samples were incubated for 15 min at 80°C, centrifuged for 10 min at 3,500 x g and the 

supernatant was transferred to vials for UHPLC-QTOFMS measurements. 

 For all metabolite analyses, each experiment was done at least three times (different 

sampling dates). 

 

Gene Expression Analysis 

 

To monitor gene expression, total RNA was extracted using a ReliaPrepTM RNA Tissue 

Miniprep System (Promega). For cDNA synthesis, 500 ng of total RNA was reverse-transcribed 

using M-MLV reverse transcriptase (Invitrogen) in a final volume of 15.25 µl. Each cDNA 

sample was generated in triplicate and diluted eightfold with water. Quantitative real-time PCR 

analysis was performed in a final volume of 20 µl containing 2 µl of cDNA, 0.2 µM of each 

primer, 0.03 µM of reference dye and 10 µl of Brilliant III Ultra Fast SYBR Green qPCR Master 

Mix (Agilent). Reactions were performed using an Mx3000P real-time PCR machine (Agilent) 

with the following program: 95°C for 3 min, then 40 cycles of 10 sec at 95°C and 20 sec at 

60°C. Relative mRNA abundance of monitored genes was normalised to the housekeeping gene 

SAND (At2g28390). Primers used are listed in the Supplemental Table 1. 

 

Statistical Analyses 

 

Statistical analyses were performed using R software version 3.5.2 (http://www.R-project.org). 

Normal distribution and variance homogeneity of data were evaluated with Shapiro-Wilk and 

Levene’s test, respectively. If not normal, data were log-transformed to ensure analyses with 

parametric tests. 

 To compare CTL vs EE within the same genotype in SAR bioassays, we used a linear 

mixed model fit by the restricted maximum likelihood (REML) algorithm (package “lme4” in 

R) using plant treatment as a fixed factor and experimental block as a random factor. 

 For metabolite quantifications, we used ANOVA with Tukey test for post-hoc 

comparison. 
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SUPPLEMENTAL DATA 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Supplemental Figure 1. Time-course of glucosinolates accumulation. 
Local leaves were left untreated (CTL) or pretreated with P. brassicae EE for 5 days (EE) and distal leaves were 
further inoculated with B. cinerea spore suspension (B.c.) or a mock solution (Mock) for 12 h, 24 h and 48 h. 
Indolic glucosinolates (GS) (A) and aliphatic GS (B) were measured in distal leaves of Col-0 plants. Means ± SE 
of three independent experiments are shown (n = 10-12 leaves per experiment). Different letters indicate 
significant difference at P< 0.05 (ANOVA followed by Tukey’s Honest Significant Difference test). 
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Supplemental Figure 2. Glucosinolates accumulation. 
Local leaves were left untreated (CTL) or pretreated with P. brassicae EE for 5 days (EE) and distal leaves were 
further inoculated with B. cinerea spore suspension (B.c.) or a mock solution (Mock) for 24 h and 48 h. Indolic 
glucosinolates (GS) (A) and aliphatic GS (B) were measured in distal leaves of Col-0 and tmyb plants. Means ± 
SE of three independent experiments are shown (n = 10-12 leaves per experiment). Different letters indicate 
significant difference at P< 0.05 (ANOVA followed by Tukey’s Honest Significant Difference test). tmyb = myb34 
myb51 myb122. 
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Supplemental Table 1. List of primers used for RT-qPCR. 
 

 
 

 

 

 

 

  

Gene name Gene ID Primers ID Sequences (5'-3') Reference 
SAND At2g28390 SAND-Fw AACTCTATGCAGCATTTGATCCACT Gouhier-Darimont et al. (2013)

SAND-Rv TGATTGCATATCTTTATCGCCATC 
CYP71A13 At2g30770 CYP71A13-Fw ATGCCCCGGGATAAATCTT

CYP71A13-Rv GAGAAAACATGTTACACAACC
PAD3 At3g26830 PAD3-Fw GTCAAGGAGACATTAAGGTTAC

PAD3-Rv ACCCATCGCATAAACGTTGAC
WRKY33 At2g38470 WRKY33-Fw TACGAAGGGAAACACAACCA Birkenbihl et al. (2012)

WRKY33-Rv AAGGCCCGGTATTAGTGTTG
BcatrB BcatrB-Fw TCTAACCCCGCTGAACACAT Stefanato et al. (2009)

BcatrB-Rv TTGCGGTAAATGGCTACGTT
BcEF1b BcEF1b-Fw GCTGCCAAGTCTGTTGTCACA Stefanato et al. (2009)

BcEF1b-Rv CAATGCTACCATGTCGGTCTC
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CHAPTER 3 - Pieris brassicae EE treatment induces systemic accumulation of indole-3-carbaldehyde and indole-3-carboxylic acid glucose conjugates 
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ABSTRACT 
 

Indole-3-carboxylic acid (ICA) and indole-3-carbaldehyde (ICHO) are Trp-derived metabolites 

that accumulate in response to pathogen attack. These compounds accumulate in their free 

forms but also as hydroxylated and glucose conjugates derivatives. We show here that Pieris 

brassicae egg extract (EE) pretreatment induces a substantial accumulation of ICHO and ICA 

glucose conjugates in systemic leaves. This accumulation is completely abolished in the 

pipecolic acid (Pip)-deficient mutant ald1, and exogenous Pip supplementation does not restore 

the ald1 phenotype. We identified potential UDP-glycosyltransferases regulated by ALD1 that 

might be important for the conjugation of ICHO and ICA. Moreover, EE-induced systemic 

accumulation of these compounds still occurs in cyp71b6 aao1 and cyp71a12 cyp71a13 

mutants, that are described as ICHO/ICA biosynthetic enzymes. Interestingly, accumulation of 

these conjugates is severely impacted in a myb34 myb51 myb122 triple mutant, suggesting a 

role of one or several of these transcription factors in regulating these conjugations. We also 

show that ICHO and ICA exhibit direct antifungal activity towards B. cinerea, although ICA-

Glc altered only mildly fungal growth.  
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INTRODUCTION 
 

Brassicaceae plants have evolved specific Trp-derived metabolites with important roles in 

defence against herbivores and pathogens (Bednarek, 2012; Kettles et al., 2013; Maier et al., 

2021). Trp is converted by CYP79B2 and CYP79B3 to indole-3-acetaldoxime (IAOx), the 

common precursor for indolic glucosinolates (GS), camalexin and indole-3-carboxylic acid 

(ICA) formation (Mikkelsen et al., 2000). Indolic GS are phytoanticipins that have been shown 

to be a feeding and oviposition stimulant for specialist insects, such as Pieris brassicae, but 

also to be deterrent to generalist chewing herbivores and pathogens (Bednarek et al., 2009; 

Hopkins et al., 2009). In Arabidopsis, indolic GS regulation is controlled by three MYB 

transcription factors, namely MYB34, MYB51 and MYB122, and a triple mutant (tmyb) is 

completely devoid of indolic GS (Frerigmann and Gigolashvili, 2014). The phytoalexin 

camalexin is induced by a large variety of pathogens and some abiotic stresses, such as high 

metals concentration and UV light (Glawischnig, 2007). Its biosynthesis starts from IAOx 

conversion to indole-3-acetonitrile (IAN), a reaction catalysed by the two monooxygenases 

CYP71A12 and CYP71A13. Then, IAN is further conjugated with glutathione and cysteine in 

multiple steps to dihydrocamalexin, which is finally converted to camalexin by PAD3 

(Schuhegger et al., 2006; Nafisi et al., 2007; Böttcher et al., 2009). These enzymes physically 

interact to form a complex, termed metabolon, anchored to the membrane of the endoplasmic 

reticulum, allowing high flux of camalexin biosynthesis (Mucha et al., 2019). 

 In addition to camalexin, the IAN-derived metabolites indole-3-carbaldehyde (ICHO) 

and ICA accumulate in response to pathogen infection and abiotic stresses in Arabidopsis leaves 

and roots (Hagemeier et al., 2001; Bednarek et al., 2005; Forcat et al., 2010; Stahl et al., 2016). 

ICA has been shown to be rapidly esterified to cell wall in response to Pseudomonas syringae 

infection (Tan et al., 2004; Forcat et al., 2010). Co-expression analyses indicated that CYP71B6 

and ARABIDOPSIS ALDEHYDE OXIDASE 1 (AAO1) genes are co-expressed with each other 

and with the camalexin biosynthetic genes CYP71A13 and PAD3 during pathogen infection 

(Böttcher et al., 2014). Expression of CYP71B6 and AAO1 in heterologous systems as well as 

the use of Arabidopsis knockout and overexpression lines allowed to uncover a contribution of 

these enzymes in ICHO and ICA biosynthesis from IAN in vitro and in response to silver nitrate 

in planta (Koiwai et al., 2000; Böttcher et al., 2014). In addition to its function in IAOx 

conversion to IAN (Klein et al., 2013), CYP71A12 also catalyses the formation of ICHO from 

IAN, similar to CYP71B6, although IAOx is the preferred substrate (Müller et al., 2015). In 

cyp71a12/a13 double mutant, although camalexin levels are null, ICHO, ICA and their 
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derivatives still accumulate in response to silver nitrate and UV treatments (Müller et al., 2015), 

suggesting that multiple sources of IAN exist. Indolic GS degradation possibly constitutes a 

source of IAN and indole-3-carbinol, from which ICHO and ICA are produced, involving 

CYP71B6 and AAO1 (Kim et al., 2008; de Vos et al., 2008; Müller et al., 2015). ICHO and 

ICA accumulate in their free forms but also as methylated, hydroxylated or glycosylated 

derivatives (Böttcher et al., 2014). ICHO and ICA derivatives were initially identified in 

chemical complementation experiments where leaves of the cyp79b2/b3 double mutant were 

exogenously supplied with IAN, ICHO and ICA and exposed to abiotic stresses. Derived 

metabolites were then identified by LC-MS (Böttcher et al., 2014). ICHO derivatives are mainly 

glycosylated and hydroxylated forms of ICHO. For ICA, methyl, glucosyl and malonylated 

glucosyl ester derivatives as well as aspartate conjugates were identified (Böttcher et al., 2014).  

 Biosynthesis of Trp-derived metabolites is triggered by the recognition of microbe-

associated molecular patterns (MAMPs), such as the 22-amino-acid fragment of bacterial 

flagellin (flg22) (Clay et al., 2009; Millet et al., 2010). In addition to their function in indolic 

GS regulation, MYB34, MYB51 and MYB122 also contribute to other IAOx-derived 

metabolites regulation (Frerigmann et al., 2016). Upon flg22 treatment, Arabidopsis induced 

callose deposition in a MYB51-dependent manner (Clay et al., 2009). The tmyb mutant 

displayed constitutively reduced levels of 6-Glc-ICA and ICA-Glc, two ICA glycosylated 

derivatives, upon flg22 treatment (Frerigmann et al., 2016). Furthermore, in local leaves 

infected by P. syringae pv. maculicola (Psm), the tmyb mutant accumulated reduced levels of 

ICHO, ICA and camalexin (Stahl et al., 2016). Contrastingly, upon infection by the 

necrotrophic fungus Plectospherella cucumerina, tmyb accumulated higher levels of 

camalexin, 6-Glc-ICA and ICA-Glc compared to Col-0, indicating drastic differences between 

treatments (Frerigmann et al., 2016). An Arabidopsis mutant lacking specifically ICHO or ICA 

and their derivatives has not been described so far, making it difficult to assess the importance 

of these compounds in plant immunity (Müller et al., 2019). Nevertheless, when exogenously 

applied, ICA increased resistance to P. cucumerina by inducing a priming of callose deposition, 

thus restricting pathogen entry, but did not show direct antifungal activity towards this pathogen 

and was thus suggested to have a signalling or regulatory function in planta (Gamir et al., 2012; 

Gamir et al., 2014). 

 Indolic metabolism is also activated during systemic acquired resistance (SAR). 

Following local Psm infection, ICHO and ICA accumulated in uninfected systemic tissue, and 

this was found to be dependent on a functional SAR signalling, involving the NHP and SA 

pathways as well as functional CYP79B2/B3 and MYB34/51/122 (Stahl et al., 2016). However, 
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cyp79b2/b3 and tmyb mutants were still able to activate SAR against Psm, indicating that the 

systemic accumulation of ICHO and ICA is a consequence and not the cause of SAR activation. 

Moreover, exogenously applied ICA has just a marginal effect on Arabidopsis resistance 

against Psm (Stahl et al., 2016). 

 We showed in Chapter 2 that EE-induced SAR against Botrytis cinerea is dependent on 

camalexin accumulation. Indolic mutants lacking camalexin are impaired in EE-induced SAR 

activation, compared to mutants accumulating camalexin but impaired in other branches of 

indolic metabolism. Here, we focus on other Trp-derived metabolites, ICHO, ICA as well as 

their glycosylated conjugates, which accumulate to high levels in systemic leaves following 

local EE treatment. We show that this accumulation occurs in a Pip-independent manner, 

although it requires ALD1. We also quantify these metabolites in various mutants of the indolic 

metabolism and show that their accumulation is not correlated with EE-induced SAR against 

B. cinerea. 

 

RESULTS 
 

ICHO/ICA conjugates accumulate in response to EE in an ALD1-dependent manner 
 

We quantified ICHO and ICA as well as their glucose-conjugated derivatives (Fig. 1) (hereafter 

termed as conjugates) in distal leaves after P. brassicae EE pretreatment and/or B. cinerea 

infection. ICA levels increased only in response to B. cinerea infection in Col-0 and in the Pip-

deficient ald1 mutant, with no further accumulation after EE pretreatment (Fig. 2A). 

Furthermore, ICA accumulated locally but not distally in response to EE treatment 

(Supplemental Fig. 1). ICHO accumulation was more variable, although levels seemed to also 

increase after B. cinerea infection (Fig. 2B). Strikingly, we observed a substantial accumulation 

of ICA conjugates in distal leaves after EE pretreatment 24 h post-inoculation (hpi) (Fig. 2C). 

Indeed, total accumulation of the main conjugated forms of ICA (ICA-Glc, 6-HO-ICA-Glc, 6-

Glc-ICA and 6-Glc-ICA-Glc; (Böttcher et al., 2014)) reached ca. 8 µg/g FW of ICA 

equivalents, a value 10 x higher than corresponding ICA levels (Fig. 2C). Each conjugate 

approximately accumulated 2-fold more in EE pretreated samples (EE/Mock and EE/B.c.) 

compared to controls (CTL/Mock and CTL/B.c.). Notably, EE-induced systemic accumulation 

of ICA conjugates was completely abolished in ald1, suggesting that this is a Pip-regulated 

response. Similarly, systemic total accumulation of ICHO conjugates (4-Glc-ICHO and 5-Glc-

ICHO) after EE pretreatment reached levels around 10 x higher than corresponding ICHO and 
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depended on ALD1 (Fig. 2D). Furthermore, these conjugates accumulated only weakly after B. 

cinerea infection, although a slight increase, yet not statistically different, was observed in ald1 

48 hpi (Fig. 2C). 

 

 
Figure 1. Tryptophan-derived metabolites. 
Simplified scheme of biosynthesis of Trp-derived ICHO, ICA and their conjugates. Position of biosynthetic (red) 
and regulatory (blue) genes tested in this study. Several arrows indicate multiple steps. L-Trp, tryptophan; IAOx, 
indole-3-acetaldoxime; IAN, indole-3-acetonitrile; ICHO, indole-3-carbaldehyde; ICA, indole-3-carboxylic acid; 
Glc, glucose. 
 

To further confirm the role of Pip in this response, we attempted to restore EE-induced 

accumulation of ICA and ICHO conjugates in ald1 by exogenous Pip application. Plants were 

left untreated or pretreated with EE for 5 days and one day prior B. cinerea infection, a 1 mM 

Pip solution was pipetted onto the soil of Col-0 and ald1 for uptake via the root system 

(Návarová et al., 2012). We then quantified ICA and ICHO conjugates 24 h after B. cinerea 

infection. Surprisingly, Pip watering did not complement EE-induced accumulation of the 

conjugates in ald1 (Fig. 3). It also did not further increase levels of the conjugates in EE-treated 

Col-0. Nevertheless, EE-induced priming of PR1 gene expression was restored in ald1 

supplemented with Pip (Supplemental Fig. 2), indicating that the treatment was efficient. These 

results suggest that ALD1, rather than Pip, is required for the EE-induced accumulation of these 

metabolites. 
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Figure 2. ICHO, ICA and conjugates accumulation in response to P. brassicae EE and B. cinerea treatments. 
Local leaves were left untreated (CTL) or pretreated with P. brassicae EE for 5 days (EE) and distal leaves were 
further inoculated with B. cinerea spore suspension (B.c.) or a mock solution (Mock) for 24 h and 48 h. ICA (A), 
ICHO (B), ICA conjugates (C) and ICHO conjugates (D) levels were measured in distal leaves. Means ± SE of 
six (Col-0) and three (ald1) independent experiments are shown (n = 10-12 leaves per experiment). Different letters 
indicate significant difference at P< 0.05 (ANOVA followed by Tukey’s Honest Significant Difference test). Hpi, 
hours post-inoculation. 
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Figure 3. Pip watering does not restore ICHO/ICA conjugates accumulation in ald1. 
Local leaves were left untreated (C) or pretreated with P. brassicae EE for 5 days (E) and distal leaves were further 
inoculated with B. cinerea spore suspension (B) or a mock solution (M) for 24 h. Water or 1 mM pipecolic acid 
(Pip) was applied to the soil one day prior inoculation. ICA conjugates (A) and ICHO conjugates (B) levels were 
measured 24 hours post-inoculation (hpi). Means ± SE of three independent experiments are shown (n = 10-12 
leaves per experiment). Different letters indicate significant difference at P< 0.05 (ANOVA followed by Tukey’s 
Honest Significant Difference test). 
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 Pip and SA biosynthesis are commonly regulated and metabolically act together to 

orchestrate SAR (Hartmann and Zeier, 2019). We quantified SA levels in Col-0 and ald1 after 

EE pretreatment and/or B. cinerea infection. We found that SA levels accumulated in distal 

leaves of EE-treated Col-0 plants and this accumulation was completely abolished in ald1, at 

both 24 and 48 hpi (Fig. 4A). Intriguingly, this pattern was the same than for ICA and ICHO 

conjugates accumulation. We thus decided to quantify ICA and ICHO conjugates in the SA-

deficient mutant ics1, to investigate the role of SA in EE-induced accumulation of these 

conjugates. Although EE-induced accumulation of the conjugates in Col-0 was not as high as 

in previous experiments, ics1 mutant was not depleted of the conjugates and a similar trend 

than in Col-0 was observable in EE-treated plants, at least 48 h after B. cinerea infection (Fig. 

4B-C). Together, these results show that systemic EE-induced accumulation of ICA and ICHO 

conjugates are Pip- and SA-independent but seem to be ALD1-dependent. 

 Glucose conjugation of ICHO and ICA requires the action of glycosyltransferases. In 

line with the abolished EE-induced systemic accumulation of ICHO/ICA conjugates in ald1, 

we decided to monitor expression of genes coding for uridine diphosphate (UDP)-

glycosyltransferases (UGT) in Col-0 and ald1. Currently, 120 UGTs have been characterised 

in the Arabidopsis genome (Li et al., 2001). To select appropriate candidates, we searched for 

UGTs that were expressed in local and distal leaves 5 days after P. brassicae oviposition and 

treatment with EE using available RNA sequencing data (Stahl et al., 2020). The complete list 

of UGTs induced upon oviposition and EE treatment is summarised in the Supplemental Table 

1. In local leaves, 17 UGTs were significantly induced following P. brassicae oviposition in 

and 25 after EE treatment. In distal leaves, only one gene, UGT73D1, was induced after EE 

treatment and none after oviposition. We decided to select UGTs that were commonly 

expressed following these two treatments, which lowered the list to 16 candidates (Fig. 5A). 

We then monitored expression of these 16 UGTs by qPCR, looking for some candidates whose 

expression was altered in ald1 compared to Col-0 in local and distal leaves following EE 

treatment for 5 days. Out of the 16 candidates, only five were significantly less expressed 

locally and/or distally in ald1 compared to Col-0 (Fig. 5B). These candidates could represent 

potential UGTs able to glycosylate ICHO/ICA in distal leaves, along with unknown UGTs, 

since ALD1 has a minor role in local accumulation of the conjugates (Supplemental Fig. 3). 
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Figure 4. The SA pathway is not required for ICHO/ICA conjugates accumulation. 
Local leaves were left untreated (CTL) or pretreated with P. brassicae EE for 5 days (EE) and distal leaves were 
further inoculated with B. cinerea spore suspension (B.c.) or a mock solution (Mock) for 24 h and 48 h. (A) Total 
SA was measured in Col-0 and ald1 at 24 and 48 hpi. (B) ICA conjugates were quantified in Col-0 and ics1 at 24 
and 48 hpi. (C) ICHO conjugates were quantified in Col-0 and ics1 at 24 and 48 hpi. Means ± SE of three 
independent experiments are shown (n = 10-12 leaves per experiment). Different letters indicate significant 
difference at P< 0.05 (ANOVA followed by Tukey’s Honest Significant Difference test). Dots indicate individual 
values. 
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Figure 5. P. brassicae oviposition and EE treatment induce expression of genes encoding UDP-
glycosyltransferases. 
(A) Venn diagram showing oviposition (Ovi)- and EE-induced genes coding for UGTs. (B) Plant genotypes were 
left untreated or treated with EE for 5 days. Expression of genes coding for five UGTs was monitored in untreated 
(CTL), EE-treated leaves (Local) and leaves distal from EE-treated leaves (Distal). Means ± SE of three 
independent experiments are shown (n = 10-12 leaves per experiment). Different letters indicate significant 
difference at P< 0.05 (ANOVA followed by Tukey’s Honest Significant Difference test). Dots indicate individual 
values. 
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 Since B. cinerea infection triggered ICA and ICHO accumulation and EE pretreatment 

led to a substantial accumulation of ICHO/ICA conjugates, we hypothesized that these 

metabolites could inhibit B. cinerea growth. We thus tested whether ICA, ICHO and ICA-Glc 

displayed antifungal activity against B. cinerea. B. cinerea growth was monitored in vitro on 

plates supplemented with 25 or 50 µg/ml of these compounds. We compared it to camalexin, 

which was shown to fully inhibit B. cinerea growth (Ferrari et al., 2003). Interestingly, we 

found that 50 µg/ml of ICHO and ICA led to 40% inhibition of fungal growth, whereas ICA-

Glc inhibited around 20% (Fig. 6). This suggests that glucose conjugation reduces the 

antifungal activity of ICA. Unfortunately, we were unable to test other ICA and ICHO 

conjugates since these compounds are not commercially available. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. ICA-Glc displays lower toxicity to B. cinerea than ICA. 
Radial growth of a B. cinerea colony growing on PDA plates supplemented with different concentrations of 
camalexin, ICA, ICHO and ICA-Glc was measured after 24 h of incubation. Means ± SE of one experiment are 
shown (n = 12). 
 

 

 

 

 

 

 

 

 



 97 

EE-induced accumulation of ICHO/ICA conjugates in indolic mutants  
 

The role of ICHO, ICA and their derivatives in plant immunity remains difficult to study, since 

no mutants lacking specifically these compounds have been described so far (Böttcher et al., 

2014; Müller et al., 2019). We thus decided to investigate the involvement of CYP71A12, 

CYP71A13, CYP71B6, AAO1 and the MYB transcription factors MYB34, MYB51 and 

MYB122 in the biosynthesis of ICHO/ICA conjugates following EE treatment and/or B. 

cinerea infection. As expected, ICHO, ICA and their conjugates all derived from IAOx, as the 

cyp79b2/b3 double mutant failed to accumulate these metabolites in response to any treatments 

(Fig. 7). We then quantified these compounds in the cyp71a12/a13 double mutant (71a12/a13) 

and found that they accumulated significantly more after EE pretreatment and not after B. 

cinerea infection (Fig. 8A-B), unlike their precursors ICHO and ICA, which accumulated only 

in response to B. cinerea infection (Supplemental Fig. 4A). 

 We found a similar EE-induced accumulation of ICHO and ICA conjugates in the 

cyp71b6 aao1 double mutant (71b6 aao1) (Fig. 8C-D). In addition, we found a higher level (~ 

2.5 x more) of 5-Glc-ICHO in response to EE pretreatment (EE/Mock and EE/B.c.) in cyp71b6 

aao1 compared to Col-0 (Fig. 8D). We also observed this increased accumulation of 5-Glc-

ICHO in systemic leaves of EE-treated plants and in response to B. cinerea infection in the 

cyp71b6 aao1 cyp71a12 cyp71a13 quadruple mutant (abbreviated b6/aao1/a12a13), which 

also accumulated ICHO and ICA conjugates, although total amounts were slightly lower than 

in previous experiments in both Col-0 and b6/aao1/a12a13 (Supplemental Fig. 5C-D). 

Interestingly, ICA levels 24 hpi were severely reduced in b6/aao1/a12a13, while ICHO levels 

were not different than Col-0 (Supplemental Fig. 5A-B).  

 Finally, we quantified ICHO/ICA conjugates in the myb34 myb51 myb122 triple mutant 

(tmyb), which is completely devoid of indolic GS (Frerigmann and Gigolashvili, 2014) under 

the same experimental conditions. We found that levels of ICA conjugates were dramatically 

reduced in every condition tested in tmyb compared to Col-0 (Fig. 8E). ICA-Glc and 6-Glc-

ICA-Glc could not be detected and only a small fraction of 6-HO-ICA-Glc and 6-Glc-ICA was 

still accumulating, with no further accumulation following EE treatment. Interestingly, levels 

of both ICHO conjugates were completely absent in tmyb (Fig. 8F). 
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Figure 7. ICHO, ICA and their conjugates derive from IAOx. 
Local leaves were left untreated (CTL) or pretreated with P. brassicae EE for 5 days (EE) and distal leaves were 
further inoculated with B. cinerea spore suspension (B.c.) or a mock solution (Mock) for 48 h. ICA (A), ICHO 
(B), ICA conjugates (C) and ICHO conjugates (D) levels were measured in distal leaves. Means ± SE of three 
independent experiments are shown (n = 10-12 leaves per experiment). Different letters indicate significant 
difference at P< 0.05 (ANOVA followed by Tukey’s Honest Significant Difference test). Dots indicate individual 
values. 
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Figure 8. ICHO/ICA conjugates accumulation in indolic mutants. 
Local leaves were left untreated (CTL) or pretreated with P. brassicae EE for 5 days (EE) and distal leaves were 
further inoculated with B. cinerea spore suspension (B.c.) or a mock solution (Mock) for 48 h. ICA and ICHO 
conjugates levels were measured in distal leaves of cyp71a12 cyp71a13 (71a12/a13) double mutant (A-B), 
cyp71b6 aao1 (71b6 aao1) double mutant (C-D) and myb34 myb51 myb122 triple mutant (tmyb) (E-F). Means ± 
SE of three independent experiments are shown (n = 10-12 leaves per experiment). Different letters indicate 
significant difference at P< 0.05 (ANOVA followed by Tukey’s Honest Significant Difference test). 
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DISCUSSION 
 

EE-induced accumulation of ICHO/ICA conjugates requires ALD1 but not Pip 

 

Many studies have focused on the role of camalexin deterring pathogenic fungi, but the 

involvement of ICAs in plant defence has been largely neglected. Upon challenge with Psm, 

ICHO, ICA and the GS-derived indole-3-ylmethylamine were the only indolic compounds to 

accumulate both in local bacteria-inoculated leaves and in leaves distal from inoculation (Stahl 

et al., 2016). Although levels of free ICA do not increase significantly in distal leaves from EE-

treated plants, EE induces ICA accumulation in local leaves. However, important amounts of 

ICHO and ICA conjugates accumulate in leaves distal from EE treatment. They may serve as 

storage forms of antifungal compounds. Upon challenge with B. cinerea and other pathogens, 

these conjugates may be rapidly hydrolysed into free ICHO and ICA and display their inhibitory 

effect. Indeed, we showed that ICHO and ICA reduce about 40 % of B. cinerea mycelial growth 

when tested in vitro. Remarkably, ICA-Glc reduces twice as less B. cinerea growth, indicating 

that glucose conjugation diminishes the antifungal activity of ICA. This is in line with one of 

the main functions of glycosylation, which is to inactivate and detoxify harmful metabolites 

(Gachon et al., 2005). However, whether ICA-Glc is more toxic to other pathogens is possible 

but remains unknown. Indeed, plant-pathogen interactions are known to be influenced by 

variations in pathogen sensitivity and metabolite production in the host (Kliebenstein et al., 

2005). The other ICA conjugates as well as ICHO conjugates were not tested since they were 

not commercially available. Synthesis of these compounds and testing their toxicity in in vitro 

assays should help answering these questions. 

 EE-induced systemic accumulation of ICHO and ICA conjugates is completely 

abolished in the Pip-deficient ald1 mutant. Surprisingly, Pip watering is not sufficient to restore 

the conjugates accumulation in ald1. Exogenously applied Pip by watering has been shown to 

be taken up by the root system and is capable to restore the SAR-deficient phenotype of ald1 

by priming of defence gene expression and the accumulation of defence regulatory metabolites 

(Návarová et al., 2012; Bernsdorff et al., 2016). We also show that EE-induced priming of PR1 

expression is restored in ald1 after Pip watering, which suggests a role for ALD1 enzyme in 

this response. ALD1 is a chloroplast-localised aminotransferase essential for local disease 

resistance to pathogens and SAR establishment (Song et al., 2004b; Cecchini et al., 2015). Upon 

bacterial infection, it transfers the amino group of lysine to acceptor molecules, generating an 

intermediate that is subsequently reduced to generate Pip and therefore inducing SAR (Ding et 
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al., 2016; Hartmann et al., 2017). However, ALD1 can use other substrates for transamination 

reactions in vitro, such as methionine and arginine, although lysine is the preferred substrate 

(Song et al., 2004a). A function of ALD1 in regulating UGTs is surprising and has not been 

described so far. However, we found that EE treatment induces the expression of several UGTs, 

whose five of them being expressed in an ALD1-dependent manner. Using an ALD1-

overexpressing Arabidopsis line, it has been shown that ALD1 can generate at least one or 

several non-Pip metabolites capable of inducing early defence responses (Cecchini et al., 2015). 

Whether other ALD1-generated metabolites have a function on the regulation of UGTs remains 

unknown. However, it is possible that EE-induced ALD1 expression leads to the production of 

other non-Pip metabolites regulating UGTs with potential functions on ICHO/ICA conjugates 

production. Several Arabidopsis UGTs, including UGT74D1 and UGT84B1, were shown to 

glycosylate auxin (indole-3-acetic acid, IAA) in in vitro assays (Jackson et al., 2001; Jin et al., 

2013). Even though IAA is structurally similar to ICA, UGT74D1 shows only trace activity 

towards ICA (Jin et al., 2013). It would be interesting to express individually the five EE-

induced UGTs in Saccharomyces cerevisiae, which naturally produces high amount of UDP-

glucose (Oka and Jigami, 2006) and screen for ICHO and ICA conjugates production after 

supplementing the culture media with ICHO and ICA, respectively. Alternatively, 

quantification of ICHO/ICA conjugates in response to EE treatment in knockout lines of these 

UGTs would also be necessary to test their involvement in such glycosylation reactions. We 

propose a model indicating how EE treatment induces ICHO/ICA conjugates formation, which 

might help to visualise this complex pathway (Fig. 9). 

 So far, these results indicate that EE-induced accumulation of ICHO/ICA conjugates is 

not important for SAR establishment against B. cinerea. We previously showed that Pip 

watering of EE-treated ald1 plants is sufficient to restore SAR (Chapter 1, Fig. 4B). Here, we 

show that Pip watering does not restore systemic accumulation of ICHO/ICA conjugates in EE-

treated ald1 plants, which strongly shows that accumulation of these conjugates is not linked 

with EE-induced SAR against B. cinerea. SA is another important regulator of EE-induced 

SAR (Hilfiker et al., 2014) and the accumulation of conjugates in ics1 as well as the absence of 

EE-induced SAR in this mutant indicate again that these ICHO/ICA conjugates are not crucial 

for SAR establishment against B. cinerea. However, whether these metabolites are important 

for EE-induced SAR against other pathogens is unknown and would be interesting to 

investigate.  
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EE-induced accumulation of ICHO/ICA conjugates is not abolished in indolic mutants 

 

We show here that levels of ICHO and ICA conjugates increase in distal leaves of EE-treated 

cyp71b6 aao1 and cyp71a12/a13 double mutants, as well as in the cyp71b6 aao1 cyp71a12/a13 

quadruple mutant. These enzymes were initially described to be part of the biosynthetic 

pathway of ICHO and ICA, and consequently their derivatives. This indicates that some 

alternative routes to these metabolites exist in Arabidopsis and more work will be needed to 

identify the enzymes responsible for their formation. Around 250 members of CYP450 

enzymes were identified in Arabidopsis genome (Bak et al., 2011) and some of them have broad 

substrate specificity. Also, some reactions can occur spontaneously in plant cells, which makes 

the metabolome unpredictable from the genome. CYP71A12 and CYP71A13 show 89 % 

identity on the amino acid level and the genes are located as tandem copies on chromosome 2 

(Müller et al., 2015). These two enzymes catalyse the formation of IAN from IAOx (Klein et 

al., 2013), but CYP71A12 can also catalyse the formation of ICHO from IAN, similar to 

CYP71B6, although IAN is the preferred substrate (Müller et al., 2015). This shows the possible 

multifunctionality of CYP450 enzymes depending on the substrate available. A third homolog, 

CYP71A18 shares more than 85 % homology with these two members and its biological 

function remains unclear, but it might play a role in synthesising ICA since constitutive 

accumulation of ICA conjugates is not impacted in cyp71a12/a13 double mutant (Müller et al., 

2015; Pastorczyk et al., 2020). Also, various IAN sources have been described, not only from 

CYP71A12/A13 functions. Indeed, indolic GS breakdown products can release indole-3-

carbinol and IAN, which could then be processed by other CYP450 enzymes to generate ICHO 

and ICA, and therefore possibly contributing to conjugates formation (Kim et al., 2008; de Vos 

et al., 2008; Müller et al., 2015). A recent study used all combinations of cyp71b6, aao1, 

cyp71a12 and cyp71a13 mutants to decipher the network of indolic compounds in response to 

abiotic stresses. In this study, levels of ICA-Glc are reduced in cyp71b6, cyp71a12/a13 and in 

the cyp71b6 cyp71a12/a13 triple mutant in response to silver nitrate and UV treatments (Müller 

et al., 2019). Similarly, levels of 6-HO-ICA-Glc and 6-Glc-ICA are reduced in cyp71a12/a13 

(Müller et al., 2019). However, we do not observe such reductions in cyp71b6 aao1, 

cyp71a12/a13 and in b6 aao1 a12/a13 quadruple mutant upon EE treatment. Comparisons 

between this study and ours is difficult to assess, mainly due to the nature of stresses applied 

(silver nitrate and UV versus EE and B. cinerea infection). Interestingly, we observe an increase 

of 5-Glc-ICHO in cypb6 aao1 and in b6 aao1 a12/a13 in response to EE treatment, which is 

also observed in the same mutants challenged with silver nitrate and UV. This is correlated with 
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increased levels of ICHO in lines carrying the aao1 mutation (Müller et al., 2019), even though 

no increased accumulation of ICHO is observed under our experimental conditions. Redirection 

of the network towards GS metabolism could justify such ICHO increases when ICHO/ICA 

biosynthetic pathway is blocked, and it would be interesting to verify this following EE 

treatment and/or B. cinerea infection in the b6 aao1 a12/a13 quadruple mutant. 

 ICA-Glc and 6-Glc-ICA conjugates accumulate in Arabidopsis in response to infection 

by the necrotrophic fungal pathogens P. cucumerina, Alternaria brassicicola and B. cinerea 

(Bednarek et al., 2011; Pastorczyk et al., 2020; Kosaka et al., 2021), which we rather observe 

in distal leaves of EE-treated plants and not after B. cinerea infection. These studies 

demonstrate an important role of CYP71A12-dependent production of these conjugates for 

post-invasive resistance to the fungal pathogens P. cucumerina, A. brassicicola and 

Colletotrichum tropicale. This is a striking difference with our results showing wild-type 

accumulation of free ICHO/ICA as well as their conjugates in the cyp71a12/a13 double mutant. 

However, B. cinerea can infect all the genotypes tested in our study, which is the reason why 

we did not discriminate between pre- and post-invasive immunity mechanisms. Despite this, it 

is interesting to observe these differences between pathogens with similar lifestyles and this 

could potentially be explained by the younger age of plants at the moment of pathogen 

inoculation, by the analytical methods employed or by the different pathogen strains used 

among studies (Bednarek et al., 2011; Pastorczyk et al., 2020). Additionally, a recent study 

found that germ-free Arabidopsis individually inoculated with a set of 39 endogenous bacteria 

from the phyllosphere commonly activated genes involved in indolic metabolism. The authors 

also showed that several indolic metabolites, including ICA, ICA-Glc and a hydroxylated form 

of ICA-Glc accumulated in response to bacterial inoculation. In addition, they could show that 

ICA and ICA-Glc accumulated significantly less in a cyp71a12 mutant following bacterial 

inoculation (Maier et al., 2021). This suggests that these compounds might have a differential 

role in defence depending on the pathogen encountered.  

 Strikingly, we show that constitutive as well as EE-induced levels of ICHO/ICA 

conjugates are largely reduced in the tmyb mutant. This is in accordance with other studies 

which reported reduced constitutive and flg22-induced levels of ICA-Glc and 6-Glc-ICA 

(Frerigmann et al., 2016; Pastorczyk et al., 2020), which can be attributed to the deficiency in 

indolic GS accumulation or from the low constitutive expression of CYP79B2 and CYP79B3 

genes observed in tmyb mutant (Frerigmann and Gigolashvili, 2014). However, we show that 

levels of free ICA and ICHO are not reduced in tmyb and still increase in response to B. cinerea 

infection, suggesting that these three MYB transcription factors might have a role in ICHO/ICA 
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conjugation. Interestingly, a transcriptomic analysis of MYB51-regulated genes in response to 

flg22 treatment identified two UGTs, UGT85A5 and UGT88A1, that were down-regulated in 

the myb51 single mutant (Zhou et al., 2019). We found that UGT85A1, a close homolog of 

UGT85A5, was significantly induced by P. brassicae oviposition and EE treatment but whether 

its induction is dependent on MYB51 under these conditions is unknown. It would be 

interesting to monitor the expression of the five egg-induced UGTs in the tmyb mutant to verify 

whether it correlates with the reduced accumulation of conjugates. More specifically, we 

observe that levels of the ICA conjugates ICA-Glc, 6-Glc-ICA-Glc and both ICHO conjugates 

are completely absent in tmyb, whereas low levels of 6-HO-ICA-Glc and 6-Glc-ICA are still 

detectable. It seems that direct glycosylation of ICHO and ICA is blocked in tmyb, but the 

presence of 6-Glc-ICA and 6-HO-ICA-Glc suggests another origin of the precursors with 

immediate glycosylation and thus escaping detection. Alternatively, formation of ICHO/ICA 

conjugates might derive from uncharacterised metabolites regulated by MYB34/51/122. A 

speculative model illustrates the above-mentioned aspects regarding the roles of 

MYB34/51/122 in ICHO/ICA conjugates formation (Fig. 9). 

 

 
Figure 9. Model representing Trp-derived indolic metabolism and formation of ICHO/ICA conjugates. 
Dark blue arrows indicate biosynthesis steps triggered following B. cinerea infection. Yellow arrows indicate 
biosynthesis steps triggered following treatment with EE for ICHO/ICA accumulation in systemic leaves. Putative 
interactions/regulations between ALD1, some UGTs and MYB34/51/122 are depicted in the light blue square. 
Refer to the text for details. 
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 We show that ICHO/ICA conjugates accumulate systemically in response to EE 

treatment and that this does not correlate with EE-induced SAR establishment. Indeed, 

cyp71a12/a13 accumulates significant levels of conjugates and is impaired in EE-induced SAR 

against B. cinerea, a phenomenon that we linked to the absence of camalexin in this mutant. 

The double cyp71b6 aao1 mutant displays EE-induced SAR, which is attributed to the high 

levels of camalexin, although it also accumulates ICHO/ICA conjugates. Finally, the tmyb 

mutant is severely impacted in ICHO/ICA conjugates accumulation, which does not prevent a 

functional EE-induced SAR establishment against B. cinerea, again correlating with intact 

camalexin levels in this mutant. We thus conclude that systemic EE-induced ICHO and ICA 

conjugates accumulation is not crucial for the egg-induced SAR against B. cinerea but rather 

represents a consequence following P. brassicae EE treatment that could be potentially 

deployed for systemic protection against other pathogens. 
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MATERIALS AND METHODS 
 

Plant and Insect Growth Conditions 

 

Arabidopsis thaliana (Col-0) plants were sown in moist potting compost. After seed 

stratification for 2 days at 4°C, plants were grown for 4 weeks in growth chambers in short day 

conditions (10 h light/14 h dark), under 100 µmol m-2 s-1 of light, at 20-22°C and 65% relative 

humidity. 

 Lines used in this study: ald1 (Návarová et al., 2012), cyp71a12 cyp71a13 (Müller et 

al., 2015), cyp71b6 aao1 (Müller et al., 2019), cyp71b6 aao1 cyp71a12 cyp71a13 (Müller et 

al., 2019), cyp79b2 cyp79b3 (Zhao et al., 2002), ics1 (sid2-1 allele) (Nawrath and Métraux, 

1999), myb34 myb51 myb122 (Frerigmann and Gigolashvili, 2014). All genotypes were in the 

Columbia (Col-0) background. 

 A population of the Large White butterfly Pieris brassicae was maintained on Brassica 

oleracea var. gemmifera in a greenhouse at 24°C and 65% relative humidity (Reymond et al., 

2000). 

 

Treatment with EE 

 

For EE preparation, P. brassicae eggs were crushed with a pestle in Eppendorf tubes. After 

centrifugation (14,000 g for 3 min), the supernatant (EE) was collected and stored at -20°C. For 

application, 2 x 2 µl of EE were spotted under the surface of each of two leaves on at least 4-6 

plants per independent experiment. Plants were treated 5 days before B. cinerea infection. 

Untreated plants were used as controls. 

 

Culture of B. cinerea and Infection 

 

B. cinerea strain BMM (Zimmerli et al., 2001) was grown on 1X PDA (Potato Dextrose Agar, 

39 g l-1, Difco) for 10-14 days in darkness at 23°C. Spores were harvested in water and filtered 

through wool placed in a 10 ml tip to remove hyphae. Spores were diluted in half-strength PDB 

(Potato Dextrose Broth, 12 g l-1, Difco) to a concentration of 5 x 105 spores ml-1 for inoculation. 

One 5 µl droplet of spore suspension was deposited on the adaxial surface of two leaves per 

plant. Inoculated plants were kept under a water-sprayed transparent lid to maintain high 
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humidity in a growth chamber under dim light (around 2 µmol m-2 s-1) during the whole time 

of infection. 

 

Exogenous Application of Pip 

 

One day prior to B. cinerea infection, 10 ml of a 1 mM D,L-Pip (Sigma-Aldrich) solution was 

pipetted onto each pot containing one plant. Control plants were supplemented with 10 ml of 

water. Each experiment was done three times (different sampling dates). 

 

Synthesis of ICA-Glc 

 

To a solution of ICA in dimethylformamide under nitrogen atmosphere was added cesium 

carbonate (Cs2CO3) (Sigma-Aldrich) to form ICA-Cs salts, allowing to deprotonate the acid 

group of ICA. Then, acetobromo-a-D-glucose tetraacetate (Sigma-Aldrich) was added for 

reaction with the deprotonated acid. Once formed, the intermediate acetylated ICA-glucose 

ester was deacetylated by adding potassium carbonate (K2CO3) in methanol solution. Identity 

of ICA-Glc (323.3 g/mol) was verified by analysis of NMR spectra. This procedure was adapted 

from previous reports (Southwick et al., 1986; Lorthiois et al., 2017). 

 

Determination of Antifungal Activity 

 

Camalexin (Glixx Laboratories, Hopkinton, USA), ICA (Sigma-Aldrich), ICHO (Sigma-

Aldrich) and ICA-Glc were dissolved in dimethylsulfoxide (DMSO) before use. Round plugs 

with a diameter of 0.5 cm were taken from a 7-days-old B. cinerea culture on 1X PDA and 

transferred to 6-well plates supplemented with different concentration of camalexin, ICA and 

ICHO. Control plates contained 0.1% DMSO. For each treatment and concentration, radial 

growth of the fungal colony was measured on 2 plates (n=12) after 24 h of incubation at 23 °C 

in darkness. Mycelial growth inhibition (MGI) was calculated using the following formula: 

MGI % = [(C-T)/C] X 100 where C is the average colony diameter on control plates and T is 

the average colony diameter on treated plates. This experiment was done three times (different 

B. cinerea cultures). 
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Metabolite Analyses 

 

Two leaves per plant from 5-6 plants were treated with EE for 5 days and two distal leaves were 

infected with B. cinerea spore suspension. Infected leaves were then sampled 12, 24 or 48 h 

later, flash-frozen in liquid nitrogen and pooled together before being ground with a mortar and 

pestle in nitrogen. 

ICAs were profiled using a protocol adapted from Böttcher et al. (2014). An Acquity 

UPLC system coupled to a Synapt G2 QTOF mass spectrometer (Waters, Milford, MA) was 

employed. The entire system was controlled by Masslynx 4.1. The separation was performed 

in gradient mode on an Acquity BEH C18 column, 50x2.1mm, 1.7 μm particle size (Waters) 

using a flow rate of 0.4 mL/min and mobile phases consisting of H2O + formic acid 0.05% 

(phase A) and acetonitrile + formic acid 0.05% (phase B). The gradient program started at 2% 

B, increased linearly to 60% B in 4.0 min, then to 100% B in 2.0 min, the column was then 

washed with 100% B for 2.0 min before re-equilibration at initial conditions (2% B) for 2.0 

min. The column temperature was maintained at 25°C throughout the run. The injection volume 

was 2 μl (partial loop with needle overfill mode). Mass spectrometric detection was performed 

in electrospray negative mode using a mass range of 50-600 Da. The MS capillary voltage was 

-2.0 kV, the cone voltage was -25V, the desolvation temperature and gas flow were 500°C and 

800 L/h, respectively, the cone gas flow was 20 L/h, and the detector voltage was 2250 V. 

Accurate mass measurements were provided by infusing a 500 ng/mL solution of leucine-

enkephalin through the LockSpray probe at a flow rate of 15 μl/min. ICAs were identified based 

on their retention times and exact masses by comparison with Böttcher et al. (2014). The 

quantification of ICA was achieved by external calibration using calibration points at 5, 20, 

100, 500 and 2000 ng/ml. All other ICAs were quantified as ICA equivalents. 

 Total SA was measured using the bacterial biosensor Acinetobacter sp. ADPWH_lux. 

(Huang et al., 2006; DeFraia et al., 2008), as described in Chapter 1.  

 For all metabolite analyses, each experiment was done at least three times (different 

sampling dates). 

 

Gene Expression Analysis 

 

To monitor gene expression, total RNA was extracted using a ReliaPrepTM RNA Tissue 

Miniprep System (Promega). For cDNA synthesis, 500 ng of total RNA was reverse-transcribed 

using M-MLV reverse transcriptase (Invitrogen) in a final volume of 15.25 µl. Each cDNA 
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sample was generated in triplicate and diluted eightfold with water. Quantitative real-time PCR 

analysis was performed in a final volume of 20 µl containing 2 µl of cDNA, 0.2 µM of each 

primer, 0.03 µM of reference dye and 10 µl of Brilliant III Ultra Fast SYBR Green qPCR Master 

Mix (Agilent). Reactions were performed using an Mx3000P real-time PCR machine (Agilent) 

with the following program: 95°C for 3 min, then 40 cycles of 10 sec at 95°C and 20 sec at 

60°C. Relative mRNA abundance of monitored genes was normalised to the housekeeping gene 

SAND (At2g28390). Primers used are listed in the Supplemental Table 2.  

 

Statistical Analyses 

 

Statistical analyses were performed using R software version 3.5.2 (http://www.R-project.org). 

For metabolite quantifications, we used ANOVA with Tukey test for post-hoc comparison. 
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SUPPLEMENTAL DATA 
 

 

 

 

 

 

 

 

 

 

 

 
Supplemental Figure 1. ICA accumulates in EE-treated leaves. 
Col-0 plants were treated with P. brassicae EE for 5 days or left untreated. ICA levels were measured in untreated 
leaves (CTL), EE-treated leaves (Local) and leaves systemic from EE-treated leaves (Distal). Means ± SE of three 
independent experiments are shown (n = 10-12 leaves per experiment). Different letters indicate significant 
difference at P< 0.05 (ANOVA followed by Tukey’s Honest Significant Difference test). Dots indicate individual 
values. 
 

 

 

 

 

 

 

 

 

 

 

 
Supplemental Figure 2. Pip watering restores EE-induced priming of PR1 expression in ald1. 
Local leaves were left untreated (CTL) or pretreated with P. brassicae EE for 5 days (EE) and distal leaves were 
further inoculated with B. cinerea spore suspension (B.c.) or a mock solution (Mock) for 24 h. Water or 1 mM 
pipecolic acid (Pip) was applied to the soil one day prior inoculation. Expression of PR1 gene was monitored 24 
hpi. Means ± SE of three technical replicates of one experiment are shown (n = 10-12 leaves). The experiment 
was repeated once with similar results. Different letters indicate significant difference at P< 0.05 (ANOVA 
followed by Tukey’s Honest Significant Difference test). Dots indicate individual values. 
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Supplemental Figure 3. ICHO/ICA conjugates accumulation in ald1 following EE treatment. 
Plant genotypes were treated with P. brassicae EE for 5 days. ICA (A) and ICHO (B) conjugates were measured 
in untreated leaves (CTL), EE-treated leaves (Local) and leaves distal from EE-treated leaves (Distal). Means ± 
SE of three independent experiments are shown (n = 10-12 leaves per experiment). Different letters indicate 
significant difference at P< 0.05 (ANOVA followed by Tukey’s Honest Significant Difference test). 
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Supplemental Figure 4. ICA and ICHO accumulation in indolic mutants. 
Local leaves were left untreated (CTL) or pretreated with P. brassicae EE for 5 days (EE) and distal leaves were 
further inoculated with B. cinerea spore suspension (B.c.) or a mock solution (Mock) for 24 h and 48 h. ICA and 
ICHO levels were measured in distal leaves of cyp71a12 cyp71a13 (71a12/a13) double mutant (A), cyp71b6 aao1 
(71b6 aao1) double mutant (B) and myb34 myb51 myb122 triple mutant (tmyb) (C). Means ± SE of three 
independent experiments are shown (n = 10-12 leaves per experiment). Different letters indicate significant 
difference at P< 0.05 (ANOVA followed by Tukey’s Honest Significant Difference test). Dots indicate individual 
values. 
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Supplemental Figure 5. ICA, ICHO and their conjugates accumulate in cyp71b6 aao1 cyp71a12 cyp71a13 
quadruple mutant. 
Local leaves were left untreated (CTL) or pretreated with P. brassicae EE for 5 days (EE) and distal leaves were 
further inoculated with B. cinerea spore suspension (B.c.) or a mock solution (Mock) for 24 h. ICA (A), ICHO 
(B), ICA conjugates (C) and ICHO conjugates (D) levels were measured in distal leaves. Means ± SE of three 
independent experiments are shown (n = 10-12 leaves per experiment). Different letters indicate significant 
difference at P< 0.05 (ANOVA followed by Tukey’s Honest Significant Difference test). Dots indicate individual 
values. 
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Supplemental Table 1. List of UGT genes induced in local leaves following 5 days of P. brassicae oviposition 
or treatment with EE. These data were extracted from RNA sequencing experiments published in Stahl et al. 
(2020). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AGI Code Gene Name logFC adj.P.Val
AT3G46700 UGT76E3 5,656 0,00059
AT3G53150 UGT73D1 5,387 0,00137
AT3G10320 MUCI21 5,269 0,00111
AT2G36780 UGT73C3 5,760 0,00231
AT3G46690 UGT76E4 3,240 0,00360
AT3G46660 UGT76E12 5,671 0,00384
AT4G34131 UGT73B3 3,226 0,00404
AT1G22340 UGT85A7 1,829 0,00455
AT2G26480 UGT76D1 4,122 0,00796
AT2G30140 UGT87A2 1,623 0,00850
AT4G15280 UGT71B5 4,770 0,01040
AT2G36750 UGT73C1 3,533 0,01835
AT4G34135 UGT73B2 1,653 0,02273
AT1G22400 UGT85A1 2,808 0,02808
AT3G57380 F28O9.230 3,550 0,00749
AT4G15270 DL3680C 4,759 0,00153
AT2G36800 UGT73C5 1,580 0,02616

Oviposition Local 5d
AGI Code Gene Name logFC adj.P.Val
AT2G15490 UGT73B4 8,265 0,00024
AT3G46690 UGT76E4 4,454 0,00038
AT1G22340 UGT85A7 2,419 0,00067
AT3G53150 UGT73D1 5,808 0,00081
AT4G34131 UGT73B3 4,077 0,00081
AT4G15280 UGT71B5 6,629 0,00118
AT3G46700 UGT76E3 5,038 0,00133
AT3G46660 UGT76E12 6,549 0,00145
AT1G07260 UGT71C3 3,949 0,00213
AT2G36780 UGT73C3 5,817 0,00217
AT2G30140 UGT87A2 1,862 0,00351
AT3G53160 UGT73C7 1,270 0,00352
AT1G22400 UGT85A1 3,221 0,01291
AT2G15480 UGT73B5 1,543 0,01328
AT4G34135 UGT73B2 1,813 0,01341
AT3G21790 UGT71B7 1,408 0,02406
AT2G36970 UGT86A1 1,798 0,02508
AT3G50740 UGT72E1 1,324 0,02915
AT2G26480 UGT76D1 3,229 0,03243
AT3G21780 UGT71B6 1,995 0,04543
AT3G10320 F14P13.8 6,148 0,00036
AT3G57380 F28O9.230 4,031 0,00327
AT3G09020 T16O11.2 1,445 0,00380
AT4G15270 DL3680C 7,286 0,00006
AT2G36800 UGT73C5 1,493 0,03534

EE Local 5d
AGI Code Gene Name
AT3G46700 UGT76E3
AT3G53150 UGT73D1
AT3G10320 MUCI21
AT3G46690 UGT76E4
AT3G46660 UGT76E12
AT4G34131 UGT73B3
AT1G22340 UGT85A7
AT2G26480 UGT76D1
AT2G30140 UGT87A2
AT4G15280 UGT71B5
AT4G34135 UGT73B2
AT1G22400 UGT85A1
AT3G57380 F28O9.230
AT4G15270 DL3680C
AT2G36800 UGT73C5
AT2G36780 UGT73C3

Ovi + EE Local 5d
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Supplemental Table 2. List of primers used for RT-qPCR. 

 

 

 

 

(Langlois-Meurinne et al., 2005; Gouhier-Darimont et al., 2013) 

 

 

 

 

  

Gene name Gene ID Primers ID Sequences (5'-3') Reference 
SAND At2g28390 SAND-Fw AACTCTATGCAGCATTTGATCCACT Gouhier-Darimont et al. (2013)

SAND-Rv TGATTGCATATCTTTATCGCCATC 
PR1 At2g14610 PR1-Fw GTGGGTTAGCGAGAAGGCTA Gouhier-Darimont et al. (2013)

PR1-Rv ACTTTGGCACATCCGAGTCT 
UGT73D1 At3g53150 UGT73D1-Fw AAGAAACCGAGTGTTGTGAAAGC Langlois-Meurinne et al. (2005)

UGT73D1-Rv TCATTATCATCATCATTTTCGTCTACAC 
UGT73B2 At4g34135 UGT73B2-Fw AGTTAAATTCAAATGGCAGCAACC Langlois-Meurinne et al. (2005)

UGT73B2-Rv TCTTGAACCATTGATTTTCTCCTAAC 
UGT73B3 At4g34131 UGT73B3-Fw ATAGCTTCATTGAAAAGACCTCAGTAAG Langlois-Meurinne et al. (2005)

UGT73B3-Rv CCAAGACAAAGACTAAGCAGAATCG 
UGT76D1 At2g26480 UGT76D1-Fw CAACTGCACAAGAGAAATGGGG

UGT76D1-Rv AAACTTGGACATGACATTGCGG
UGT85A1 At1g22400 UGT85A1-Fw TCCGATTTGAGTCCATTGCTGA

UGT85A1-Rv CGAGACAGTTCTTCATGGTGGA
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ABSTRACT 
 

In Arabidopsis, insect eggs deposition activates plant defences and triggers the accumulation 

of salicylic acid (SA). Egg-induced SA accumulation is required to induce systemic protection 

against bacterial and fungal pathogens, a process termed systemic acquired resistance (SAR). 

Moreover, egg-induced SAR against the bacterial pathogen Pseudomonas syringae also 

extends to egg-free neighbouring plants through a root-mediated signal. Here, we address the 

biological relevance of EE-induced SAR against the necrotroph Botrytis cinerea. We show that 

Pieris brassicae larvae performance is reduced on B. cinerea-infected plants, implying a 

beneficial role of EE-induced SAR for the insect. We demonstrate that EE-induced SAR against 

B. cinerea also extends to neighbouring plants. In addition, we show that treatment with EE 

induces local protection towards B. cinerea in other Brassicaceae plant species. Finally, EE-

induced SAR is also effective against Hyaloperonospora arabidopsidis, broadening the 

protective effect of insect eggs to an oomycete. 
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INTRODUCTION 
 

In nature, plants interact simultaneously with insects and pathogens, each of them triggering 

similar and/or contrasting signalling pathways. Such tripartite interactions can lead to various 

outcomes for the host plant and the attackers, depending on the environment, host metabolism 

and interplay of signalling pathways (Stout et al., 2006). Oviposition by the specialist herbivore 

Pieris brassicae triggers the activation of the salicylic acid (SA) pathway in Arabidopsis (Little 

et al., 2007; Bruessow et al., 2010), which is usually produced to fend off biotrophic pathogens. 

In Arabidopsis, P. brassicae oviposition and egg extract (EE) treatment induce SAR in 

Arabidopsis against the hemibiotroph Pseudomonas syringae (Hilfiker et al., 2014). SAR 

depends on the SA pathway and requires the translocation of a SAR signal to efficiently 

enhance defence responses in systemic tissues (Fu and Dong, 2013). Several SAR signal 

candidates have been described, including the pipecolic acid (Pip)-derivative N-hydroxy-Pip 

(NHP), which has been shown to efficiently coordinate SAR along with SA (Hartmann and 

Zeier, 2019). The first step of NHP biosynthesis is catalysed by ALD1 to generate Pip and the 

ald1 mutant is compromised in bacterial- and egg-induced SAR (Návarová et al., 2012; Hilfiker 

et al., 2014). Pip is then further N-hydroxylated by FMO1, generating NHP, the actual SAR 

regulator (Chen et al., 2018; Hartmann et al., 2018).  

 Upon perception of stress, plants release various above- and below-ground signals, 

including volatiles organic compounds (VOCs) and small metabolites. These signals can be 

perceived by neighbouring plants and serve as cues for imminent danger (Delory et al., 2016; 

Ninkovic et al., 2019). SAR-induced plants have been shown to emit volatile cues, which can 

induce SAR in neighbouring plants (Riedlmeier et al., 2017; Wenig et al., 2019). Generation of 

below-ground SAR signal has also been shown to enhance protection against pathogens in 

neighbouring plants (Cheol Song et al., 2016). Recently, it was shown that P. brassicae egg-

induced SAR against P. syringae extends to neighbouring plants (interplant SAR), through the 

transmission of a root-mediated signal generated in a NHP-dependent manner (Orlovskis and 

Reymond, 2020).  

Oviposition-induced responses, such as intra- and interplant SAR raise the question of 

whether the plant or the insect benefits from reduced foliar pathogen load. It was previously 

shown that egg-induced SA accumulation can locally inhibit induction of the jasmonic acid 

(JA) pathway, leading to increased performance of the generalist herbivore Spodoptera 

littoralis (Bruessow et al., 2010). In addition, performance of P. brassicae larvae is decreased 

when fed on P. syringae-infected plants, and this was partially rescued when fed on plants 
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previously treated with EE (Hilfiker et al., 2014), which suggests that egg-induced SAR might 

benefit the insect.  

 SAR against fungal pathogens has been shown to establish in field conditions, in plants 

of agricultural importance, such as bean, cucumber or rice (Sticher et al., 1997). However, the 

SAR-inducing stimulus was either a primary infection by a bacterial or fungal pathogen, or 

treatment with synthetic elicitors. Given that insect oviposition induces SAR in Arabidopsis 

against pathogens with different lifestyles, chances are great that it might also activate local and 

systemic resistance in other plants. Recently, it was shown that various monocotyledonous and 

dicotyledonous species infected with adapted pathogens accumulate NHP and that exogenous 

treatment with this metabolite induces acquired resistance (Schnake et al., 2020), indicating 

that this pathway is widespread in plants. 

 In this chapter, we investigate the biological relevance and generality of EE-induced 

SAR against Botrytis cinerea. We show that EE-induced SAR extends its protection towards 

B. cinerea in egg-free neighbouring plants. We also show that B. cinerea infection is reduced 

in local EE-treated leaves of other plants from the Brassicaceae family, but not in tomato. 

Moreover, P. brassicae larval performance is reduced in B. cinerea-infected Arabidopsis. 

Finally, we also demonstrate that EE-induced SAR is effective against the oomycete 

Hyaloperonospora arabidopsidis, indicating that oviposition protects plants against a broad 

range of pathogens. 

 

RESULTS 
 

Treatment with Pieris brassicae egg extract induces interplant SAR 
 

It was shown recently that egg-induced SAR against P. syringae extends to egg-free 

neighbouring plants through an unknown root-mediated signal (Orlovskis and Reymond, 2020). 

We thus investigated whether egg-induced interplant SAR was also efficient against B. cinerea. 

For that, four Arabidopsis plants were grown in the same pot. Two plants out of four were 

treated with P. brassicae EE for five days. We then infected distal leaves of EE-treated plants 

as well as leaves of two untreated neighbouring plants with B. cinerea. We found that B. cinerea 

growth was significantly reduced in neighbouring plants, similar to distal leaves of EE-treated 

plants, compared to untreated control plants (Fig. 1), indicating that EE-induced interplant SAR 

is also effective against B. cinerea. 

 



 123 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Treatment with Pieris brassicae EE induces interplant SAR against Botrytis cinerea. 
EE pretreatment reduced B. cinerea growth in distal leaves when compared to CTL plants grown separately 
(intraplant SAR). No difference in B. cinerea growth was observed when EE-treated and untreated neighbor plants 
(NB) were in the same pot (interplant SAR). Means ± SE of three independent experiments are shown (n = 22-30 
leaves per experiment). Significant differences between control and treated plants are indicated (linear mixed 
model, *** P<0.001, n.s. not significant). Dots indicate individual values. 
 

 

P. brassicae EE treatment reduces B. cinerea growth in other Brassicaceae species 
 

B. cinerea is a highly polyphagous fungal pathogen, able to infect more than 1000 plant species, 

including several important crops (Williamson et al., 2007; Dean et al., 2012). As P. brassicae 

oviposition and EE treatment reduce B. cinerea growth in Arabidopsis, we investigated whether 

this could be observed in other plant species. We thus selected several Brassicaceae crops for 

bioassays, including rapeseed (Brassica napus), Brussels sprouts (Brassica oleracea), black 

mustard (Brassica nigra) and pink radish (Raphanus sativus). As previously described, two 

leaves per plant were treated with P. brassicae EE for 5 days and two distal leaves were 

subsequently infected with B. cinerea. In addition, we also infected local EE-treated leaves. 

Strikingly, we found that EE pretreatment induced a reduction of B. cinerea growth in local 

leaves of all four tested species (Fig. 2). However, EE-induced fungal growth reduction in distal 

leaves only occurred in B. napus, with no significant difference compared to untreated control 

plants for the other species (Fig. 2). In addition, we also pretreated with EE two leaves of tomato 

(Solanum lycopersicum accession Micro-Tom) and subsequently infected local and distal 

leaves. Interestingly, EE pretreatment did not induce B. cinerea growth reduction in both local 

and distal leaves (Fig. 2). 
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Figure 2. EE treatment reduces B. cinerea growth in other plant species. 
Two leaves per plant were pretreated with P. brassicae EE for 5 days and two distal leaves were further infected 
with B. cinerea for 5 days (R. sativus, B. napus and S. lycopersicum) or 7 days (B. nigra and B. oleracea). Lesion 
perimeter was measured in control (CTL), EE-treated leaves (Local) and in leaves distal from EE-treated leaves 
(Distal). Means ± SE of three independent experiments are shown (n = 5-30 leaves per experiment). Significant 
differences between CTL and treatment are indicated (linear mixed model, *** P<0.001; ** P<0.01; * P<0.05). 
Dots indicate individual values. 
 

 

B. cinerea infection impacts P. brassicae larval performance 
 

Primary infection of plants with pathogens can either negatively or positively impact herbivore 

performance (Stout et al., 2006). We thus decided to investigate the biological relevance of EE-

induced SAR to see whether it might benefit future hatching larvae. We measured the 

performance of P. brassicae larvae on B. cinerea-infected plants. Arabidopsis plants were 

sprayed with a suspension of B. cinerea spores and after two days of infection, newly hatched 

P. brassicae larvae were placed on infected plants and mock-inoculated control plants. Larval 

weight was measured after 6 and 12 days. After 12 days, P. brassicae larvae were significantly 

smaller when feeding on infected plants compared to plants sprayed with the control mock 
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solution (Fig. 3). This suggests that EE-induced SAR against B. cinerea might benefit hatching 

larvae. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. P. brassicae larval development is inhibited in B. cinerea-infected plants. 
Plants were sprayed with a suspension of B. cinerea spores (B.c.) or mock solution (CTL). Freshly hatched P. 
brassicae were then placed on plants for a total of 12 days. Newly infected plants were placed every 3 days, in 
order to have sufficient material for the larvae to feed on. Larval weight was recorded after 6 and 12 days. Means 
± SE are shown (n = 22-43). Significant differences between control and infected plants are indicated (Welch’s 
two sample t-test, *** P<0.001; n.s., not significant). This experiment was repeated twice with similar results. 
Dots indicate individual values. 
 

 

EE-induced SAR against Hyaloperonospora arabidopsidis 
 

To test whether EE-induced SAR can target other plant pathogens, we monitored infection of 

the oomycete H. arabidopsidis (Hpa), which is an obligate biotroph that causes downy mildew 

on Arabidopsis (Coates and Beynon, 2010). EE pretreatment strongly enhanced resistance 

against Hpa. Remarkably, less than 10% of systemic leaves from EE-treated plants showed 

symptoms of infection, whereas more than 90% of control plants were infected. On the contrary, 

the Pip-deficient mutant ald1 was fully infected independently of previous EE treatment (Fig. 

4A). Similarly, the spore number on systemic leaves of EE-treated plants was drastically 

reduced in Col-0 whereas this effect was much less pronounced in ald1 (Fig. 4B). These results 

illustrate a broad range protective effect of P. brassicae EE treatment and the important role of 

the NHP pathway in this response. 
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Figure 4. EE-induced SAR reduces Hyaloperonospora arabidopsidis infection. 
Effect of one day-pretreatment with P. brassicae EE on H. arabidopsidis infection in distal leaves was measured 
8 days after inoculation. Inoculated plants without pretreatment were used as controls. Percentage of systemically 
infected plants (A) or number of spores on systemic leaves (B) were quantitated. Mean ± SE of three independent 
experiments are shown (n = 4-5 leaves per experiment). Significant differences between control and treated plants 
are indicated ((A) Pearson's chi-squared test; (B) Welch’s two sample t-test, *** P<0.001; n.s., not significant). 
 

 

DISCUSSION 
 

Egg-induced interplant SAR against P. syringae has been reported recently (Orlovskis and 

Reymond, 2020). As EE-treated ald1 and fmo1 mutants did not induce interplant SAR in Col-

0 neighbouring plants, this suggests that the root-derived mobile signal is generated by the NHP 

pathway. On the contrary, SA was not required for the generation of such signal(s), as SA-

deficient mutants successfully induced interplant SAR (Orlovskis and Reymond, 2020). We 

found here that EE treatment also induced interplant SAR against B. cinerea. However, whether 

this response uses similar signalling mechanisms remains unknown and should be further 

investigated. Intriguingly, interplant SAR against P. syringae was not induced when plants were 

first inoculated with the same pathogen, suggesting a specific contribution of eggs in this 

response, at least in the conditions tested, which suggests a beneficial role of this response for 

the insect (Orlovskis and Reymond, 2020). Indeed, feeding larvae are likely to spread to 

neighbouring plants, either to reach supplementary food or to escape host induced defences. By 

inducing reduction of microbial infection in surrounding plants, insects might create a niche of 

healthy food and thus optimise survival of hatching larvae. We demonstrated in Chapter 2 that 

camalexin accumulation is required for intraplant SAR against B. cinerea. It would be 

interesting to test whether this metabolite is also required for EE-induced interplant SAR 

establishment. Camalexin did not accumulate in distal leaves following EE treatment (Chapter 
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2, Fig. 3A), which suggests that its role as mobile interplant SAR signal seems unlikely. 

However, its de novo biosynthesis in neighbouring plants following perception of a root-mobile 

signal is possible. Treatment of Col-0 plants with EE and subsequent infection of camalexin-

deficient neighbouring plants should help answering this question. Identifying the nature of the 

root-mediated signal in this response will also constitute an important task in the future. 

 P. brassicae performance was impacted when fed on P. syringae-infected plants 

(Hilfiker et al., 2014). Interestingly, B. cinerea infection similarly impacted P. brassicae 

performance. Whether B. cinerea displays direct entomopathogenic effects against P. brassicae 

is not known. In vitro toxicity assays of B. cinerea metabolites towards P. brassicae cell lines, 

as developed in (Fornelli et al., 2004) would be useful to further investigate this aspect. 

Alternatively, B. cinerea might compete with P. brassicae for the same resources and 

Arabidopsis might become less nutritious to larvae. By activating a SAR of broad specificity, 

which even extends to neighbouring plants, insects may thus increase survival of their offspring 

on plants potentially exposed to a variety of pathogens. It is intriguing that Arabidopsis triggers 

a SAR in response to oviposition and that this benefits the attacking insect. It is possible that 

during years of co-evolution, P. brassicae has evolved the ability to hijack the SA pathway 

through oviposition and activate whole-plant resistance to benefit its own progeny. In line with 

this, it was previously shown that egg-induced SA accumulation led to suppression of the JA 

pathway, therefore increasing performance of the generalist S. littoralis (Bruessow et al., 2010). 

On the other hand, other reports indicate that insect oviposition triggers the induction of anti-

herbivore defence responses, therefore reducing larval performance (Bandoly et al., 2015; 

Geuss et al., 2018; Lortzing et al., 2019). Thus, oviposition-induced SA accumulation might 

have different outcomes depending on the plant/insect species combination used. Wounds 

caused by larval feeding form potential entry sites for pathogens and could provide an 

alternative explanation for egg-induced SAR. It could be a plant response that aims to reduce 

pathogen attacks instead of herbivory. B. cinerea infection might negatively affect plant fitness 

more than herbivory. It was reported that wounding of Arabidopsis leaves induced resistance 

to B. cinerea by priming camalexin accumulation (Chassot et al., 2008). It would be interesting 

to compare the impact of herbivory and B. cinerea infection on fitness of various plant species. 

P. brassicae is a specialist herbivore and egg-induced SAR might be activated 

exclusively in relevant hosts of the Brassicaceae family. We indeed showed that treatments 

with P. brassicae EE induced local resistance against B. cinerea in four Brassicaceae crop 

species. Notably, this protection reached distal leaves only in B. napus. Among each plant 

species used, B. napus was the smallest of all, which could favour the systemic propagation of 
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EE-derived SAR signals. Although the quantity of EE applied was adjusted to the leaf size, we 

may have underestimated the number of eggs that could be deposited on such bigger leaves 

during natural oviposition or may have not waited long enough to observe a SAR. Thus, it 

would be crucial to repeat these experiments using natural oviposition instead of EE treatments 

and with extended time points. However, EE-induced resistance to B. cinerea was not observed 

in local or distal leaves of tomato plants, which suggests a family specificity of this response. 

It would be interesting to test whether oviposition and treatment with EE of a Solanaceae 

specialist herbivore would trigger resistance to B. cinerea in tomato, potato, or tobacco plants. 

Consistent with this hypothesis, it was recently shown that hypersensitive response (HR)-like 

necrosis in B. nigra was strongly induced following oviposition by crucifers specialist insects 

and only mildly induced after oviposition by non-specialist insects (Griese et al., 2021). A 

recent study reported that the SAR signal NHP accumulates in various plants, including 

cucumber, tobacco, soybean, tomato as well as barley in response to adapted pathogen 

infections (Schnake et al., 2020). Again, whether oviposition by specialist herbivores induces 

NHP accumulation and therefore SAR in these species is unknown and would be interesting to 

study. In addition, effect of EE treatment from various insects on a wide range of plant species 

might reveal interesting specificities. 

Many crop species are exposed to pathogenic fungal infections, which cause important 

yield losses every year. To diminish these losses, chemical pesticides are widely used, but 

studies on their deleterious effects on the environment and human health is increasing (Beketov 

et al., 2013; Nicolopoulou-Stamati et al., 2016). Egg-derived phosphatidylcholines (PCs) 

induce immune responses in Arabidopsis (Stahl et al., 2020), and treatment with a PC-Mix 

solution induces local and systemic reduction of B. cinerea growth, similar to egg treatments 

(Chapter 1). Whether PC treatments increase resistance to fungal pathogens in crops has not 

been tested so far. Recently, application of bacteria-derived rhamnolipids induced foliar 

protection against B. cinerea in B. napus (Monnier et al., 2018). Further experiments using 

different crop species and various elicitors of lipidic nature could help in the development of 

environmental-friendly biocontrol strategies against microbial pathogens. 

 We showed that EE-induced SAR also targets the oomycete Hpa in an NHP-dependent 

manner. This supports recent findings where resistance to Hpa is enhanced following 

exogenous application of Pip and NHP (Hartmann et al., 2018). Whether EE-induced reduction 

of Hpa growth also relies on camalexin is unknown. However, camalexin accumulates in 

response to Hpa infection (Mert-Türk et al., 2003) although other reports have indicated that 

the indolic double mutant cyp79b2 cyp79b3 and camalexin-deficient pad3-1 mutant do not 
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show enhanced susceptibility, which suggests that camalexin or other tryptophan-derived 

metabolites are not crucial for resistance against this pathogen (Glazebrook et al., 1997; 

Stuttmann et al., 2011). 

 In conclusion, we have shown that EE-induced SAR is effective against pathogens with 

different lifestyles, with a conserved signalling mechanism involving the NHP pathway. EE-

induced protection is also observed in important crops from the Brassicaceae family. Moreover, 

EE-induced SAR seems to benefit the insect, by increasing performance of neonate larvae. 

Overall, these aspects bring fascinating insights on how plants respond to a combination of 

different attackers and illustrate a novel facet of plant-insect interactions. 
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MATERIALS AND METHODS 
 

Plant and Insect Growth Conditions 

 

Arabidopsis thaliana (Col-0), Brassica napus, Raphanus sativus, Brassica nigra, Brassica 

oleracea and Solanum lycopersicum plants were sown in moist potting compost. After seed 

stratification for 2 days at 4°C, plants were grown for 4-5 weeks in growth chambers in short 

day conditions (10 h light/14 h dark), under 100 µmol m-2 s-1 of light, at 20-22°C and 65% 

relative humidity. For Hyaloperonospora arabidopsidis disease assays, Col-0 and ald1-1 plants 

were grown on potting soil (mix z2254, Primasta B.V., Asten, The Netherlands) at 21 °C, 75% 

relative humidity, under short days conditions (10 h light/14 h dark). 

 Lines used in this study: ald1 (Návarová et al., 2012), B. napus (Saatzucht Bardowick, 

Germany), R. sativus (Germline, France), B. nigra seeds were collected from naturally growing 

populations in The Netherlands (Pashalidou et al., 2015), B. oleracea var. gemmifera 

(Zollinger, Switzerland) and S. lycopersicum accession Micro-Tom (Elejalde-Palmett et al., 

2021). 

 A population of the Large White butterfly Pieris brassicae was maintained on B. 

oleracea var. gemmifera in a greenhouse at 24°C and 65% relative humidity (Reymond et al., 

2000). 

 

Treatment with EE 

 

For EE preparation, P. brassicae eggs were crushed with a pestle in Eppendorf tubes. After 

centrifugation (14,000 g for 3 min), the supernatant (EE) was collected and stored at -20°C. For 

application, 2 x 2 µl of EE were spotted under the surface of each of two leaves on at least 4-6 

plants per independent experiment. Plants were treated 5 days before B. cinerea infection. 

Untreated plants were used as controls. 

 For R. sativus and B. napus, 6 x 2 µl and 3 x 2 µl, respectively, of EE were spotted under 

the surface of each of two leaves on at least 10 plants per independent experiment. For B. nigra, 

B. oleracea and S. lycopersicum, 6 x 2 µl of EE were spotted under the surface of each of two 

leaves on at least 3 plants per independent experiment. 

 For intra- and interplant SAR experiments, four plants were grown equidistant from 

each other in conical plastic pots (diatop = 7 cm, diabase = 5 cm, volsoil = 130 ml) according to a 

previously published protocol (Orlovskis and Reymond, 2020). For P. brassicae EE treatment, 
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2 x 2 µl were spotted under the surface of each of three leaves on 4 plants/pot (intraplant) or 2 

plants/pot (interplant). After 5 days, distal leaves from EE-treated plants, leaves from control 

plants grown in separate pots and leaves from untreated neighbors grown next to EE-treated 

plants were infected with B. cinerea. 

 

Culture of B. cinerea, Infection and Growth Assessment  

 

B. cinerea strain BMM (Zimmerli et al., 2001) was grown on 1X PDA (Potato Dextrose Agar, 

39 g l-1, Difco) for 10-14 days in darkness at 23°C. Spores were harvested in water and filtered 

through wool placed in a 10 ml tip to remove hyphae. Spores were diluted in half-strength PDB 

(Potato Dextrose Broth, 12 g l-1, Difco) to a concentration of 5 x 105 spores ml-1 for inoculation. 

 For Arabidopsis, one 5 µl droplet of spore suspension was deposited on the adaxial 

surface of two leaves per plant. For R. sativus, B. nigra and B. oleracea, two leaves per plant 

were cut, placed on wet tissue in a tray and subsequently infected with one 20 µl droplet of 

spore suspension deposited on the adaxial surface. For B. napus and S. lycopersicum, the same 

procedure was used, except that one drop of 10 µl was deposited. Inoculated plants/leaves were 

kept under a water-sprayed transparent lid to maintain high humidity in a growth chamber under 

dim light (around 2 µmol m-2 s-1) during the whole time of infection. 

 Arabidopsis were infected for 3 days before lesion measurements. B. napus, R. sativus 

and S. lycopersicum were infected for 5 days before lesion measurements. B. nigra and B. 

oleracea were infected for 7 days before lesion measurements. Lesion size measurements were 

made using ImageJ software version 2.0.0-rc-65/1.51u (http://imagej.nih.gov/ij). 

 

Insect performance assays 

 

Four-week-old Arabidopsis plants were sprayed with either half-strength PDB or B. cinerea 

spore suspension at a concentration of 5 x 105 spores ml-1. After 48 h, five freshly hatched P. 

brassicae larvae were placed on each of 11 pots, each containing 2 plants. Plants were placed 

in a transparent plastic box and kept in a growth chamber during the experiment. Plants were 

replaced every 3 days by a new set of inoculated plants in order to keep a constant amount of 

material for feeding larvae. After 6 days of feeding, larvae were weighed on a precision balance 

(Mettler-Toledo, Greifensee, Switzerland) and placed back on the plants until a final weight 

measurement after 12 days. Each experiment was done three times (different sampling dates). 
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Infection with Hyaloperonospora arabidopsidis 

 

Infection assays were performed with H. arabidopsidis isolate Noco2 (100 spores per μl). The 

downy mildew pathogen was maintained on Arabidopsis Col-0 and transferred weekly to fresh 

10-day old seedlings. Spores were collected from Ws-eds1 mutant to achieve the high level of 

inoculum used. Two leaves of each tested plant were treated with 2 x 2 µl of EE one day before 

pathogen challenge. Untreated plants were used as controls. Then, the H. arabidopsidis spore 

suspension was applied with a spray gun. Plants were subsequently left to dry to the air for ~ 

30 min and incubated at 100% humidity at 16 °C under short day conditions (10 h light/ 14 h 

dark). Eight days post inoculation disease severity was determined visually. For spore counts, 

four systemic leaves from 4-5 EE-treated or control plants were cut, weighed, and suspended 

in 2 ml of water after which the number of spores per milligram of plant tissue was determined. 

Each experiment was done three times (different sampling dates). 

 

Statistical Analyses 

 

Statistical analyses were performed using R software version 3.5.2 (http://www.R-project.org). 

Normal distribution and variance homogeneity of data were evaluated with Shapiro-Wilk and 

Levene’s test, respectively. If not normal, data were log-transformed to ensure analyses with 

parametric tests. 

 To compare CTL vs EE within the same genotype in SAR bioassays, we used a linear 

mixed model fit by the restricted maximum likelihood (REML) algorithm (package “lme4” in 

R) using plant treatment as a fixed factor and experimental block as a random factor. 

 For feeding bioassays, we used Welch’s t-test. 
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GENERAL DISCUSSION 
 

 

Egg-induced SAR against Botrytis cinerea 

 

Pieris brassicae herbivory activates defence responses regulated by the JA pathway. 

Remarkably, oviposition by the same species triggers defences modulated by the SA pathway, 

which has been shown to act antagonistically to the JA pathway (Pieterse et al., 2012). 

Experiments conducted in our laboratory demonstrated that egg-induced SA accumulation can 

inhibit JA-dependent defences, for the benefice of hatching larvae, which displayed increased 

performance in oviposited plants (Bruessow et al., 2010). In this thesis, we focused on another 

egg-induced SA response, which is the activation of SAR. It was previously shown that P. 

brassicae oviposition and egg extract (EE) treatment reduce growth of several strains of the 

bacterial pathogen Pseudomonas syringae through the activation of SAR in Arabidopsis 

(Hilfiker et al., 2014). The aim of this thesis was to determine whether egg-induced SAR was 

also effective against the fungal pathogen Botrytis cinerea. We showed that P. brassicae 

oviposition and EE treatment efficiently reduce growth of this pathogen. In addition, we further 

characterised the signalling mechanisms and determined a functional role of the tryptophan-

derived indolic metabolism in egg-induced SAR establishment. However, although these 

findings bring interesting perspectives, they also raise several questions. 

By using mutants impacted in various branches of the indolic metabolism, we identified 

the phytoalexin camalexin as being a crucial component for EE-induced SAR against B. 

cinerea. Although several camalexin-deficient mutants are impacted in EE-induced SAR, 

which genetically supports a role of camalexin in this response, chemical analyses did not reveal 

significant differences in camalexin levels in infected plants previously treated with EE or not. 

Indeed, a logical explanation for the camalexin-driven reduction of B. cinerea growth would 

have been to detect primed accumulation of this metabolite in infected leaves of EE-treated 

plants, which we did not. The question is thus how EE treatment reduces B. cinerea growth 

through camalexin? As discussed in Chapter 2, fungal pathogens can actively detoxify or export 

antifungal compounds. It has been shown that B. cinerea detoxifies camalexin into indole-3-

acetonitrile and indole-3-carboxylic acid, which are less antifungal (Pedras et al., 2011). One 

possibility would be that EE pretreatment inhibits camalexin detoxification in B. cinerea. This 

would explain the similar accumulation of camalexin in control and EE-treated plants and this 

mechanism would target B. cinerea metabolism. Identification of B. cinerea enzymes involved 
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in camalexin catabolism would be necessary for further monitoring of their 

expression/activation after infection of EE-treated plants. However, what signals from EE-

treated plants would be involved and how they would be delivered to B. cinerea is unknown. It 

has been recently shown that during B. cinerea infection, Arabidopsis sends extracellular 

vesicles containing small RNAs targeting B. cinerea virulence genes for silencing (Cai et al., 

2018). One hypothesis could be that small RNAs are generated and delivered to the infection 

site through extracellular vesicles following EE treatment. These small RNAs could potentially 

silence B. cinerea genes involved in camalexin detoxification. Further work will be required to 

investigate this hypothesis. Alternatively, camalexin might be metabolised in planta to yet 

unidentified metabolites with antifungal activity and EE pretreatment would enhance this 

conversion. The synthesis of radio-labelled camalexin and its use in camalexin-deficient 

mutants would allow to follow its metabolism and identify possible catabolites. 

 SA and NHP metabolically act together to orchestrate SAR (Hartmann and Zeier, 2019). 

Consequently, the absence of one or the other ultimately affects SAR establishment in plants, 

although a minor SA-independent SAR can be activated in a NHP-dependent manner 

(Bernsdorff et al., 2016). We confirmed in Chapter 1 that mutants impacted in SA and NHP 

biosynthesis do not activate EE-induced SAR. In addition, we showed that EE-induced SAR 

required functional SA signalling, since npr1-1 and npr1-1 npr4-4D mutants showed severe or 

full inhibition of EE-induced SAR activation, respectively. As discussed, we link EE-induced 

SAR establishment with camalexin accumulation. However, we found that ald1 and ics1 

mutants, which are impacted in NHP and SA biosynthesis, respectively, accumulate wild-type 

levels of camalexin although they are impaired in EE-induced SAR. Furthermore, npr1-1 npr4-

4D, which is fully SA-insensitive, was more susceptible to B. cinerea. These results raise the 

question of whether NPR SA receptors regulate camalexin biosynthesis, which has not been 

demonstrated so far. Quantification of camalexin in response to EE treatment and/or B. cinerea 

infection in npr1-1 npr4-4D will be necessary to answer this question. A recent report indicated 

that NHP watering primes plants through NPR1 for enhanced defence activation, including SA 

biosynthesis, camalexin accumulation and defence gene expression (Yildiz et al., 2021). 

Whether NHP binds to NPR1 in distal leaves to elicit these responses remains unknown and 

future work should address this point. Overall, these results show that SA and NHP pathways 

are required in local leaves for the generation and transmission of SAR signal(s).  

 SAR is activated in response to pathogen infection or chemical treatment occurring in 

the local leaf, which constitutes the site of primary inoculation. Resistance is then induced 

locally, but also spreads in distal leaves of the plant to prevent secondary infection (Fu and 
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Dong, 2013). In this study, we showed that natural oviposition or EE treatment in local leaves 

increased resistance to B. cinerea in distal leaves. By using mutants impacted in various 

pathways, we identified several actors involved in this response. However, it is sometimes 

difficult to precisely affirm the site of their action. For example, we showed that ics1, ald1 and 

fmo1 are impaired in EE-induced SAR and postulated that the SA and NHP pathways are 

required in local leaves for the generation and transmission of SAR signals. However, whether 

ICS1, ALD1 and FMO1 enzymes are also required in distal leaves for SAR establishment 

cannot be discriminated by using such mutants. Similarly, we postulated that the indolic 

metabolism is required for the reduction of B. cinerea growth in distal leaves, but again, whether 

this pathway plays a role in local leaves cannot be excluded. Initial experiments investigating 

the nature of the transmitted SAR signal used grafting (Gaffney et al., 1993; Vernooij et al., 

1994). The use of leaf grafting in Arabidopsis would be useful to generate chimeras of different 

genotypes to better study the site of action of each actor in EE-induced SAR. However, grafting 

techniques are mainly used to combine rootstocks and scions at the hypocotyl region, which 

represents a thicker region compared to leaf petioles and thus more suitable for such delicate 

manipulations. One alternative could be the generation of transgenic lines expressing genes of 

interest under the control of an inducible promoter. For example, a line expressing NPR1 and 

NPR4 under dexamethasone (DEX)-inducible promoters would be useful to investigate whether 

SA signalling is required in local or distal leaves, or in both. One could spray DEX specifically 

in local EE-treated leaves and infect distal leaves with B. cinerea or on the contrary spray distal 

leaves before infection and observe whether EE-induced SAR could be restored in such line. 

 Defences against B. cinerea are usually known to require JA/ET pathways (Pieterse et 

al., 2012). However, the observation that mutants blocked in SA signalling are more susceptible 

to this pathogen invokes a role for SA in defence against B. cinerea. During the early phase of 

infection, B. cinerea silences host defence genes by the translocation of small RNAs (Weiberg 

et al., 2013). This requires the host plant to be alive and therefore suggests that B. cinerea has 

a short biotrophic phase before triggering host cell death. This phase should last few hours but 

is crucial for B. cinerea infection success. During this phase, SA might be activated, and this 

would explain the enhanced susceptibility of several mutants impacted in the SA pathway. It 

would be interesting to measure SA levels in the early phase of the infection with the strain 

used in our study, to check whether it correlates with the increased susceptibility of SA 

signalling mutants. 
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Although several steps remain unclear, we propose a model depicting the main actors 

of EE-induced SAR against B. cinerea (Fig. 1). Arabidopsis locally detects egg-derived 

phosphatidylcholines (PCs), possibly through the lectin receptor kinase LecRK-I.8 (Gouhier-

Darimont et al., 2019; Stahl et al., 2020). This triggers phosphorylation of MPK3 and MPK6 

(C. Gouhier-Darimont, unpublished) and the activation of SA and NHP pathways (Hilfiker et 

al., 2014). NHP is the metabolic regulator of SAR and can move systemically, where it boosts 

SA production and defence gene expression (Zeier, 2021). Whether it has a direct function on 

camalexin biosynthesis remains unclear. In distal leaves, B. cinerea infection induces 

camalexin biosynthesis, which is regulated by WRKY33. As previously discussed, it remains 

unclear how egg-induced responses inhibit B. cinerea through camalexin, since no primed 

accumulation of this metabolite was measured in distal leaves of EE-treated plants. 

 

 

 
Figure 1. Simplified model of egg-induced SAR against B. cinerea. 
Refer to the text for details.  
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 We also observed a substantial accumulation of indole-3-carbaldehyde (ICHO) and 

indole-3-carboxylic acid (ICA) glucose conjugates in systemic leaves of EE-treated plants 

(Chapter 3). We showed that this accumulation was abolished in ald1 mutant, and that Pip 

watering did not restore this phenotype, suggesting that ALD1 enzyme and not Pip, its 

enzymatic product, is responsible for such accumulation. Accumulation of these conjugates was 

also completely abolished in the myb34 myb51 myb122 triple mutant (tmyb), devoid of indole 

glucosinolates. Intriguingly, ald1 and tmyb mutants accumulated wild-type levels of the 

precursors ICHO and ICA, suggesting that only the glycosylation is affected. We propose a 

speculative model of how ALD1 and MYB34/51/122 contribute to the formation of these 

ICHO/ICA conjugates (Fig. 2). Treatment of local leaves with EE induces the expression of 

ALD1 (Hilfiker et al., 2014). We showed that the expression of several genes coding for UDP-

glycosyltransferases (UGTs) was inhibited in local and distal leaves of ald1. Whether ALD1 

has a direct function on the activity of UGTs is unknown and probably unlikely, given that 

ALD1 codes for an aminotransferase (Song et al., 2004). However, a study reported that ALD1 

can generate non-Pip metabolites able to induce defence responses (Cecchini et al., 2015). We 

hypothesise that an ALD1-derived metabolite potentially regulates the expression of UGTs 

capable of glycosylation on ICHO and ICA. This reaction could establish in local leaves and 

ICHO/ICA conjugates could be transported to systemic leaves. Alternatively, the ALD1-

derived metabolite could travel in systemic leaves in response to EE treatment, activate UGTs, 

thus generating ICHO/ICA conjugates in systemic leaves. Finally, MYB34/51/122 might have 

a role in direct regulation of the same UGTs in systemic leaves or ICHO/ICA conjugates might 

derive from yet unknown indolic metabolites directly regulated by MYB34/51/122 (Fig.2). 

Future work should aim at characterising these UGTs and monitor their expression in ald1 and 

tmyb mutants. However, we showed that ICHO/ICA conjugates accumulation constitutes a 

consequence of EE-induced SAR and is not the cause of B. cinerea growth reduction, although 

we cannot exclude that they might be active against other pathogens. 
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Figure 2. Speculative model showing EE-induced systemic accumulation of ICHO/ICA conjugates. 
Refer to the text for details. 
 

 

Ecological aspects and perspectives around egg-induced SAR 

 

Egg-induced SAR is efficient against P. syringae, B. cinerea and Hyaloperonospora 

arabidopsidis, which are pathogens with different lifestyles (Hilfiker et al., 2014; this thesis). 

These responses are dependent on SA and require the activation of the NHP pathway. Whether 

NHP-dependent egg-induced SAR can extend to other pathogens remains to be studied. Future 

work should aim at conducting experiments with a large variety of different pathogens to check 

the generality of egg-induced SAR. Also, whether egg-induced SAR can protect plants against 

multiple infections at once also needs further consideration. One could imagine a unique 

treatment efficiently reducing infection of several pathogens. We also showed that EE-induced 

SAR extends to untreated neighbouring plants. However, neighbouring plants used in our 

experiments were from the same species. It would be interesting to investigate whether an egg-
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treated plant is able to transmit protection to a neighbour from another species. Whether such 

interspecies SAR would be restricted to the same family or not remains an open question. 

 P. brassicae larvae performed worse on P. syringae- and B. cinerea-infected plants 

(Hilfiker et al., 2014; this study). As discussed in Chapter 4, this suggests that egg-induced 

reduction of pathogen infection might benefit hatching larvae. One intriguing question is why 

the plant induces such a response and why it was conserved through evolution? Plants might 

face a trade-off between being infected by pathogens or eaten by herbivorous insects. It might 

be beneficial for plants to induce resistance against pathogens before larvae hatch and start 

feeding on leaf tissue. Indeed, open wounds created by larval feeding might increase pathogen 

entry and be more detrimental to the plant than herbivory. In this scenario, both plants and 

insects might benefit from egg-induced SAR. However, in an environment where plants density 

is scarce, larvae might be able to feed on the entire plant. Such tripartite interactions have 

sometimes opposite outcomes. Indeed, several studies demonstrated that some insect species 

performed better on plants previously infected by pathogens, and this was associated with 

hormonal crosstalk effects (van Mölken et al., 2014; Vos et al., 2015). Field experiments with 

monitoring of egg-induced SAR costs and benefits for fitness of both plants and insects would 

be interesting to conduct and should give a more realistic idea of what happens in natural 

environments. The choice of plant/insect species combination used would also need to be 

determined carefully. 

 Another point that should be addressed is how long egg-induced protection can last. Is 

the protective status of plants efficient against further infections several days or weeks later? Is 

the protective status of EE-treated plants transmitted to the next generation? Parental plants 

infected with P. syringae produced progeny that were more resistant to a first infection with H. 

arabidopsidis and P. syringae compared to progeny from mock-inoculated parents. 

Furthermore, this protective status was conserved over one stress-free generation, which 

indicates an epigenetic basis of this response (Luna et al., 2012). Whether EE application to 

other parts of the plant induces similar protection towards pathogens has not been tested. It 

would be interesting to compare EE treatment on different parts of a plant for subsequent leaf 

protection. Treatment of seeds with priming agents is extensively used and has proved to be 

efficient to improve germination and stress resistance of young seedlings (Paparella et al., 

2015). To investigate a potential seed priming effect of EE, it would be interesting to measure 

pathogen resistance of plants whose seeds were treated with EE. If efficient, this would bring 

an alternative to the use of agrichemicals. The recent discovery that egg-derived PCs induce 

immune responses in Arabidopsis opens new horizons towards applications in agriculture 
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(Stahl et al., 2020). However, a multitude of tests remains to be performed, using crops in 

greenhouse and field experiments to assess the range and timescale of protection, as well as the 

impact of such treatments on yields. Alternatively, PC-induced SA accumulation might 

efficiently reduce pathogen infections but also impact JA levels in crop species and whether 

this side effect increases insect performance will have to be studied carefully. 

 In conclusion, our study sheds light on a novel aspect of plant-insect interactions and 

illustrates the complexity of the on-going arms race implicating different developmental stages 

of the insect and complex signalling events in Arabidopsis. Although the generality of these 

findings needs to be extended to more plant species and pathogens, they open perspectives for 

the development of new biocontrol methods that could be used in organic farming.  
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